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INTRODUCTION  OF  FUNCTIONALITY  IN  THE  ANGLULAR  POSITION  OF  FUSED  RING  SYSTEMS 
Reported  by  G.  E.  Wilson,  Jr.  September  17,  19^2 

The  presence  of  the  angular  methyl  group  with  specific  stereochemistry  in  natural 
products  such  as  steroids  (l)  is  well  known.   Consequently  considerable  time  has  been  spent 
in  the  development  of  methods  for  methylating  the  angular  position  in  a  stereoselective 
manner.   This  interest  has  led  to  the  development  of  methods  for  introduction  of  functional- 
ity other  than  methyl  groups  both  for  modification  of  existing  structures  and  for  synthesis 
of  new  compounds. 

This  seminar  will  be  concerned  with  reactions  which  introduce  one-carbon  fractions: 
(a)  methylation  of  enolate  anions,  (b)  nucleophilic  additions  to  a, p -unsaturated  carbonyl 
groups,  and  (c)  miscellaneous  reactions  introducing  only  one  angular  carbon  atom.   The  last 
subdivision  will  be  treated  first. 
Miscellaneous  reactions  introducing  one  angular  carbon  atom 

Most  reactions  of  this  type  are  of  limited  utility  due  to  the  stringent  qualifications 
to  be  met  by  functional  groups  already  on  the  existing  structure.   The  Reimer-Tiemann 
reaction  has  been  applied  to  5>6>7,8-tetrahydro-2-naphthol  (i)  to  obtain  10-dichloromethyl- 
2-keto-A1'9'3-hexahydronaphthalene  (2).   This  was  reduced  and  hydrogenolyzed  in  alcoholic 
potassium  hydroxide  to  10-methyl-2-decalol,  (II),  stereochemistry  unknown.   Corey  used  a 
biogenetic-type  cationic  addition  to  a  double  bond  to  form  a  ring  with  two  stereospecific 
angular  methyl  groups  in  the  synthesis  of  a  p-amyrin  derivative  (V)(3)»  Similar  cyclizations 
have  been  reported  by  Barton  (k) ,  Corey  (5)  and  others.   Simultaneously  Chuang  (6)  and 
Cook  and  Lawrence  (7)  found  that  9 -methyl -1-decalone  can  be  made  by  catalytic  reduction  of 
the  product  of  cyclization  of  4-(2-methylhexenyl)butryl  chloride  with  stannic  chloride. 
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Many  syntheses  in  the  steroid  field  have  involved  cyclization  of  a  five-  or  six-mem- 
bered'ring  thereby  creating  an  angular  methyl  group.   The  use  of  the  Dieckmann  reaction  to 
elaborate  the  D  ring  of  steroids  was  used  extensively  by  Bachmann  (8,9).   Little  steric 
control  is  possible  in  these  reactions.   The  general  scheme  is  illustrated  below. 
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Methylation  of  enolate  anions 

The  product  of  the  methylation  of  the  angular  position  should  contain  a  predominance 
of  the  trans  fused  ring  system;,  it  is  this  system  which  occurs  widely  in  natural  steroids 
and  terpenes.   Because  the  introduction  of  an  angular  methyl  group  in  the  1-decalone  system 
shifts  the  equilibrium  from  95$  to  k(tf>   trans  ring  fusion  (10,,  one  reasons  that  the  method 
must  proceed  with  kinetic  control.  Application  late  in  the  synthesis  of  a  natural  product 
makes  it  imperative  that  the  yields  be  high  and.  conditions  mild. 

In  the  1-decalone  system  the  enolate  may  be  formed  on  either  side  of  the  ketone.   Cook 
and  Lawrence  found  that  treatment  of  1-decalone  with  sodamide  and  methyl  iodide  gave  2- 
methyl-1-decalone  and  a  trace  of  9-methyl-l-decalone  (7).   Isolated  cases,  all  with  the  keto 
group  in  the  B  or  C  ring  of  a  steroid,  gave  the  angularly  methylated  compounds  as  the  main 
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products.   Peak  and  Robinson  obtained  angularly  methylated  compounds  from  the  reaction 
of  12-ketosteroids  with  potassium  t~butoxide  and  methyl  iodide  (ll).   More  recently  Fried 
and  Arth  treated  the  6-ketosteroid  (VI)  With  sodium  hydride  and  methyl  iodide  in  refluxing 
xylene  to  obtain  the  5£-product,  having  a  eis  a/b  ring  fusion,  in  37  per  cent  yield  (12). 
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Blocking  groups  for  the  methylation  of  enolate  anions 

A  blocking  group  is  used  in  the  2-position  of  a  1-decalone  to  assure  that  alkylation 
will  occur  at  the  angular  position.   The  requirements  for  such  a  group  are  that  it  must  be 
easily  introduced,  inert  to  the  conditions  for  methylation,  and  easily  removed.   Only 
compounds  derived  from  aldehyde  condensations  with  a  1-decalone  have  met  these  conditions. 
Aryl  aldehydes  and  furfuraldehyde  lead  to  the  arylidene  and  the  furfurylidene  derivatives 
respectively.   Hie  reaction  with  ethyl  formate  and  sodium  °H.ves  the  2-hydroxymethylene 
derivatives   which    reacts   either  in  situ   or  _  after   purification  with  amines, 
thiols,  and  aj_kyi  halides  to  yield  the  useful  aminomethylene,  thiomethylene  and  alkoxymethyl- 
ene  derivatives. 

The  first  use  of  a  blocking  group  to  direct  methylation  was  reported  by  Robinson  who 
methylated  the  piperonylidene  derivative  of  the  methyl  ether  of  l8-norequilenin  (lj).  No 
cleavage  of  the  blocking  group  was  tried  immediately. 

The  first  derivative  of  a  2-hydroxymethylene -1-decalone  investigated  was  the  methyl  -- 
anilinomethylene  derivative.   Condensing  a  1-decalone  with  ethyl    formate    and  sodium 
formed  the  2-hydroxymethylene  compound.   Reaction  of  this  with  N-methylaniline  gave  the 
desired  derivative  (14).   Cleavage  after  methylation  was  easily  accomplished  by  hydrolysis. 
The  pyrrolidinomethylene  blocking  group,  synthesized  in  much  the  same  manner,  has  the 
disadvantage  of  deactivating  the  ketone  to  methylation  (14,15). 

Johnson  investigated  the  use  of  2 -alkoxymethyl ene  derivatives  as  blocking  groups  (i6). 
These  were  formed  by  heating  a  2-hydroxymethylene-l-decalone  with  an  alkyl  halide  and 
potassium  carbonate  in  acetone.   When  the  a,lkyl  halide  was  methyl  iodide  the  yield  of  enol 
ether  was  only  20  per  cent,  the  rest  of  the  material  being  the  product  of  C-alkylation. 
The  isopropoxymethylene  derivative  was  easily  synthesized  in  high  yield  and  was  not  so 
easily  hydrolyzed  as  the  methoxymethylene  derivative.   Cleavage  of  the  enol  ether  after  the 
methylation  reaction  was  accomplished  by  treating  it  with  ethanolic  ferric  chloride  solution. 
The  resultant  hydroxymethylene  derivative  was  then  liberated  from  the  iron  complex  by  dilute 
acid  and  cleaved  by  alkaline  hydrolysis.   The  chief  disadvantages  of  this  derivative  are 
its  sensitivity  to  water  and  to  the  methylating  conditions. 

Ireland  and  Marshall  introduced  the  n-butyl thiomethylene  blocking  group  (17,18).   This 
group  utilizes  to  advantage  the  high  electronegativity  of  the  sulfur  atom  and  its  inability 
to  participate  in  resonance.   This  derivative  can  be  synthesized  by  two  methods.   The  2- 
hydroxymethylene-1-decalone  can  be  refluxed  with  n-butyl  mercaptan  and  a  trace  of  p_-toluene - 
sulfonic  acid,  using  benzene  to  remove  water  in  the  azeotrope.   For  acid  labile  compounds 
the  tosylmethylene  derivative  is  made  from  the  hydroxymethylene  compound  in  the  usual  manner. 
Addition  of  the  mercaptan  to  this  mixture  yields  the  alkylthiomethylene  derivative.   The 
alkylthiomethylene  group  is  acid  labile;  but  it  is  most  conveniently  removed  by  aqueous 
sodium  hydroxide  in  diethylene  glycol.   Reductive  desulfurization  leaves  a  2, 9 -dimethyl -1- 
decalol  (19). 

Condensation  of  benzaldehyde  with  1-decalone  in  10  per  cent  sodium  hydroxide  solution 
introduced  the  2-benzylidene  blocking  group  (20).   Methylation  of  this  substance  with 
potassium  t-butoxide  and  methyl  iodide  proceeded  in  91  per  cent  yield.   The  blocking  group 
can  be  removed  by  the  following  series  of  reactions  without  the  intermediate  isolation  of 
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products:   Chlorination  in  carbon  tetrachloride  is  followed  by  treatment  with  sodium 
methoxide  to  form  the  enol  ether  .   Hydrolysis  to  the  diketone  is  followed  by  cleavage 
to  the  monoketone  with  dilute  base.   Alkaline  cleavage  can  proceed  in  either  direction  so 
that  yields  are  sometimes  low.   When  this  procedure  was  used  by  Birch,  Jaeger  and  Robinson 
for  removal  of  the  piperonylidene  group  from  the  aromatic  steroid  VIII,  chlorination  of  the 
aromatic  ring  occurred  before  chlorination  of  the  double  bond  (21). 
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Johnson  has  described  the  methylation  of  2-p_-methoxybenzylidene-  2-p_-chlorobenzyiidene7 
2-p_-dimethylaminoben3ylidene-5  2-£-nitrobensylidene-j  2-a-naphthaylmethylene-and  2 -fur fury li- 
dene-1-decalones  (20,  22).   In  all  cases  the  cis  fused  ring  system  predominated  when 
methylated. 
Steric  control  in  the  methylation  of  enolate  anions 

Before  any  significant  work  can  be  done  on  steric  control  of  methylation,  a  method,  must 
exist  for  interpreting  and  measuring  results.   Early  work  suggested  that  methylated  cis 
fused  2-arylmethylene-l-decalones  absorbed  at  longer  wavelength  in  the  ultraviolet.   This 
method  was  generally  used  to  determine  isomer  ratios  (22,23) ?  and  the  results  were  usually 
correlated  by  synthesis  of  the  natural  products.   Finally,  some  natural  products  were 
assigned  absolute  configuration  using  this  rule.   Recently  exceptions  have  been  found,  and 
Johnson  has  suggested  that  more  reliable  assignments  can  be  made  by  the  use  of  n.m.  r.   At' 
ko   or  60  megacycles  the  methyl  resonance  of  the  cis  fused  system  is  found  as  much  as  ten 
cycles  downf ield  from  the  methyl  of  a  trans  fused  system  (2^) . 

Steric  control  can  be  more  than  fortuitous  only  if  the  nature  of  the  transition  state 
is  known.   Modifications  on  the  structures  can  then  be  made  to  destabilise  one  isomer  with 
respect  to  the  other.   For  angular  methylation  of  a  1-decalone  there  exist  two  possible 
hybridizations  for  the  angular  carbon  atom  in  the  transition  state,  or  as  a  corresponding 
unstable  intermediate.   The  hybridization  may  be  tetrahedral  with  the  lone  pair  of  electrons 
conjugated  with  the  double  bond;  or  it  may  be  trigonal  and  conjugated. 

A  tetrahedral  carbon  atom  in  the  angular  position  has  been  postulated  by  Stork  and 
Darling  to  explain  the  lithium  and  ammonia  reduction  of  A1-2-decalones  (25).   Three 
possible  transition  states  may  be  drawn,  IX,  X,  XI,  the  first  two  of  which  have  a  conjugated 
lone  electron  pair.   The  more  stable  of  the  conjugated  systems  determines  the  configuration 
of  the  main  product  regardless  of  the  relative  stabilities  of  the  product  ground  states. 
If  the  conjugated  cis  and  trans  transition  states  are  destabilized  by  large  axial  functions 
in  the  7  and  8  positions,  thereby  stabilizing  the  non-conjugated  cis  transition  state, 
a  reasonable  amount  of  the  trans  product  is  still  formed. 
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Corey  and  Sneen  have  shown  that  the  axial  hydrogen  a  to a  ketone  in  a  ring  is  preferen- 
tially removed  to  form  the  electronically  more  favorable  conjugated  enolate  system  (26) . 
Zimmerman  has  demonstrated  that  kinetically  controlled  proton  addition  occurs  on  the  less 
hindered  side  of  the  planar  (3 -carbon  atom  to  give  what  is,  at  times,  the  less  stable 
product  (27,  28). 

Using  these  two  theories  as  working  hypotheses,  Johnson  succeeded  in  defining  the 
nature  of  the  angular  ketocarbanion  as  well  as  in  controlling  the  stereochemistry  of 
methylation  (29) .   Before  attempting  to  test  either  transition  state  hypothesis  he 
eliminated  as  possible  controlling  factors  the  steric  hindrance  of  the  blocking  groups, 
electronic  effects  due  to  conjugation  of  the  ketone  with  the  blocking  groups,  and  bulk 
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effect  of  various  methylating  agents,   Variation  of  the  blocking  group  from  p_-dimethyl- 
aininobenzylidene  to  p_-nitrobenzylidene  gave  cis -trans  ratios  between  three  and  nine.   The 
alkoxymethylene  groups  gave  no  improvement. 

In  order  tc  test  the  postulate  of  the  tetrahedral  carbon,  he  attempted  to  destabilize 
the  transition  state  for  the  cis  product  relative  to  that  for  the  trans  product  by  inserting 
a  6-ethylenedioxy  group  into  the  l-decalone  system.   Only  after  the  results  showed  a  cis- 
trans  ratio  of  3. 5  was  it  reasoned  that  inversion  of  the  B  ring  from  a  configuration  such 
as  XII  to  one  such  as  XIII  could  relieve  entirely  the  postulated  1,3-diaxial  interaction 
between  the  Ci0  methylene  group  and  the  Cs  oxygen  atom  in  the  cis  transition  state. 
Inversion  would  also  give  Stork's  postulated  more  favored  axial  transition  states  XIII  and 
XIV.  5-3^ 
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If  electrical  effects  were  not  dominant  the  introduction  of  a  large  group  which  would 
be  axial  in  the  conjugated  cis  transition  state  might  favor  methylation  of  the  conjugated 
trans  transition  state,  in  which  this  group  would  be  equatorial.   When  ^p-tetrahydro- 
pyranyloxy-2-furfurylidenyl-l-decalone  was  methylated,  the  cis-trans  ratio  was  found  to 
have  increased  to  nine.   Use  of  a  mixture  containing  mostly  theTa-tetrahydropyranyl  ether 
gave  a  ratio  of  3/2.   Johnson  then  concluded  that  the  tetrahedral  transition  state  was 
incorrect. 

The  theory  that  the  transition  state  occurs  early  in  the  reaction  when  the  conforma- 
tion at  the  angular  carbon  is  trigonal  was  inferred  by  Fried  and  Arth.   Treatment  of  the 
unprotected  7-ketosteroid  VI  with  methyl  iodide  and  sodium  hydride  in  refluxing  xylene 
gave  the  5P-methylation  product  exclusively.  (12). 

Introduction  of  unsaturation  in  the  A  ring  at  the  2 -position  gave  only  the  5a-methylated 
compound  (30).   They  argue  that  the  fused  ring  system  allows  only  two  transition  states 
in  each  reaction.   For  the  3-dioxolone  compound  they  say  that  XV  is  favored  relative  to  XVI 
by  one  methyl-oxygen  interaction  and  destabilized  by  the  electrical  effect  of  non-planarity. 
The  steric  effect  is  dominant.   If,  they  claim,  the  extra  diaxial  interaction  is  removed  by 
replacing  the  dioxolane  group  by  an  enol  ether  (XVEl)  the  electrical  effect  should  cause 
the  trans  isomer  to  be  formed  in  higher  yield. 
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If  the  ketocarbanion  is  assumed  to  be  planar,  then  steric  hindrance  to  the  approaching 
methyl  group  would  determine  the  type  cf  ring  fusion  obtained.   In  a  2-arylmethylene-l- 
decalone  (XVIIl)  1,3-diaxial  interactions  to  the  approaching  methyl  group  in  the  trans 
transition  state  are  caused  by  the  k- ,    5-,  and  7-hydrogen  atoms.   Introduction  of  a  "-,[■■ 
double  bond  removes  one  of  these  interactions  and  greatly  lessens  the  9>5 -interact ion  oy 
moving  the  hydrogen  away  from  a  true  axial  position. 
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Methylation  of  2 -furfurylidenyl-1 -decalone  strengthened  this  theory  by  yielding  the 
trans  isomer  in  ^&p   yield.   Application  to  the  synthesis  of  estrone  gave  a  predominance  of 
the  trans  isomer.   Similar  results  have  been  obtained  by  Ireland  and  Marshall  (17,  18)  and 
Johnson  and  Allen  (Jl). 

Models  gave  no  clear-cut  indication  of  the  effect  on  the  transition  state  of  a  double 
bond  in  the  3->  5- >  or  8-position.   These  compounds  were  synthesized  and  submitted  to  the 
methylating  conditions.   A  predominance  of  the  cis  isomer  was  found  in  each  case. 
Addition  to  a, p-unsaturated  ketones 

The  attack  of  a  nucleophile  on  an  a, ^-unsaturated  double  bond  to  introduce  functionality 
in  the  angular  position  was  first  attempted  by  Birch  and  Robinson  (32).   They  showed  that 
addition  of  methylmagnesium  bromide  to  A1;9-2-decalone  in  the  presence  of  a  trace  of  cuprous 
chloride  catalyst  gave  9-methyl -2 -decalone  with  the  cis  configuration  in  6($  yield.   This 
work  was  substantiated  by  Ireland  and  Marshall  (15)  and  others.   When  no  catalyst  was 
present  reduction  of  the  ketone  resulted. 

Although  data  on  addition  to  a, p~unsaturated  carbonyl  groups  of  this  type  is  still 
largely  empirical,  some  trends  can  be  distinguished.   Steric  hindrance  is  definitely  a 
controlling  factor.   Church  and  Ireland  found  that  methylation  of  6-ethylenedioxy-A1-'9-- 
2 -decalone  with  the  aid  of  cuprous  bromide  gave  the  cis  product  in  6l$  yield.   Ho  trans 
isomer  was  isolated.   When  l-methyl-6-ethylenedioxy-A1'9 -2 -decalone  was  treated  under  the 
same  conditions  no  conjugate  addition  occurred^   (33)  •   Mukherjee  has  found  that  no  addition 
of  methylmagnesium  bromide  to  5j5-dimethyl-A1;'9-2-decalone  can  be  effected  (3^)-   McElvain 
and  Remy  attempted  the  addition  of  phenylmagnesium  bromide  to  A1^9-2-decalone.   They  found 
257-  of  the  cis  angularly  phenylated  material  and  66fo   of  a  product  from  1,2- addition  to  the 
carbonyl  group  (.35)  • 

Introduction  of  an  angular  cyano  group  is  potentially  useful.   Nagata  demonstrated  its 
conversion  to  an  aldehyde  or  methyl  group  as  well  as  to  the  amide  (36).   Mukherjee  found 
that  potassium  cyanide  would  add  to  5 ,5 -dimethyl -A1'9 -2 -decalone  (3^)«   He  found  infrared 
evidence  for  the  existence  of  a  ketoamide,  a  hydroxylactam,  and  a  ketoester  in  his  crystal- 
line products.   Nagata  added  potassium  cyanide  in  methanol  to  A4-cholesten-3-one  (XX)  and 
obtained  the  two  possible  7-lactams,  the  trans  cyano  compound,  and  a  dimer  (37)- 
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Bowers  found  that  the  inital  product  was  the  nitrile,  which  was  formed  reversibly  (38).  Upon 
prolonged  heating  (ca.  5  hours) ,  the  amides  were  formed  by  internal  hydrolysis. 

Addition  of  ammonium  chloride  to  the  reaction  mixture  neutralized  the  base  as  formed  and 
prevented  intramolecular  reaction(39) .  Application  of  this  procedure  in  the  steroid  field 
gave  both  the  a-   and  [3-cyano  compounds.  About  an  equal  mixture  of  both  isomers  were  obtained 
by  Marshall anl Johnson  ";n  the  synthesis  of  conessine  (hO).      Meyer  and  Schnautz  claim  a  pre- 
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dominance  of  the  trans  isomer  for  the  addition  of  potassium  cyanide  to  A1,9-2-decalone  in 
methanol  (4l).   They  also  claim  that  the  ease  of  internal  hydrolysis  is  easily  rationalized 
if  axial  attack  is  favored. 

BIBLIOGRAPHY 
L.  F.  Fieser  and  M.  Fieser,  Steroids  (Reinhold,  New  York)  1961. 
Woodward,  J.  Am.  Chem.  Soc. ,  62,  12 08  (1940). 
Corey,  H.  Hess  and  S.  Proskow,  J.  Am.  Chem.  Soc,  8l,  5258  (1959). 

D.  H.  R.  Barton  and  K.  Overton,  J.  Chem.  Soc,  2639  (19557- 

E.  J.  Corey  and  R.  R.  Sauers,  J.  Am.  Chem.  Soc,  8l,  1739  (1959)- 

C.  Chuang,  Y.  Tien  and  C.  Ma,  Ber«,  6g,  l494  (1936JT 
J.  W.  Cook  and  C.  A.  Lawrence,  J.  Chem.  Soc,  817  (1937). 

L.  Wilds,  J.  Ara.  Chem.  Soc,  6l,  974  (1939). 
L.  Wilds,  J.  Am.  Chem.  Soc,  o2,  824  (1940). 
A.  Ross,  P.  A.  S.  Smith  and  A.  S.  Dreiding,  J.  Org.  Chem. ;  20,  905  (1955). 

D.  A.  Peak  and  R.  Robinson,  J.  Chem.  Soc,  5^,  1581  (1937)- 

H.  Sarett,  J.  Am.  Chem.  Soc,  82,  1684  (i960). 
Chem.  Soc. ,  566  (I94l). 

Chem.  Soc  ,  5 01  (1944). 
R.  E.  Ireland  and  J.  A.  Marshall,  J.  Org.  Chem.,  27^1620  (1962). 
W.  S.  Johnson  and  H.  Posvic,  J  Am.  Chem.  Soc,  0J  1361  (1947). 

A.  Marshall,  J.  Org.  Chem.,  27,  1615  (1962). 
A.  Marshall,  J.  Am.  Chem.  Soc,  8l,  6336  (1959). 
A.  Marshall,  Chem.  and  Ind. ,  1534  (i960). 
Chem.  Soc  ,  6^,  1317  (1943) 


1. 

2. 

3- 

4. 

5. 
6. 

7. 

8. 

9- 
10. 

11. 

12. 

13. 

14. 

15. 
16. 

17. 
18. 


W.  E.  Bachmann,  W.  Cole  and  A. 
W.  E.  Bachmann,  W.  Cole  and  A. 


J. 

A. 


H.  Fried,  G.  E.  Arth  and  L. 
Koebner  and  R.  Robinson,  J 


A.  J..  Birch  and  R.  Robinson,  J. 


R.  E. 
R.  E. 


Ireland  and  J. 
Ireland  and  J. 
R.  E.  Ireland  and  J. 
S.  Johnson,  J.  Am. 


W. 
A. 
W. 

(1958) 

W.  S.  Johnson, 
(1956). 

J.  E.  Cole,  Jr.,  W.  S.  Johnson,  P.  A.  Robins  and  J.  Walker,  J.  Chem.  Soc,  244  (1962). 
D.  Darling,  J.  Am.  Chem.  Soc,  82,  1512  (i960). 


J.  Birch,  R.  Jaeger,  and  R.  Robinson,  J.  Chem.  Soc,  582  (1945). 

S.  Johnson,  I.  A.  David,  H.  C.  Dehm  and  R.  J.  Highet,  J.  Am.  Chem.  Soc.  ,  80,  66l 

.nnister,  R.  Pappo  and  J.  E.  Pike,  J.  Am.  Chem.  Soc  ,  78,  6354 


G.  Stork  and  S. 


E.  J.  Corey  and  R.  A.  Sneen,  J.  Am.  Chem.  Soc,  78,  6269  (1956). 

H.  E.  Zimmerman,  J.  Org.  Chem.,  20,  549  (1955). 

H.  E.  Zimmerman,  J.  Am.  Chem.  Soc,  78,  1168  (1956). 

W.  S.  Johnson,  D.  S.  Allen,  Jr.  ,  R.  R.  Hinder,  G.  N.  Sausen  and  r.  pappo 

J.  Am.  Chem.  Soc,  84,  2l8l  (1962). 

J.  H.  Fried,  A.  N.  Nutile  and  G.  E. 

W.  S.  Johnson  and  D.  S.  Allen,  Jr.  , 

A.  J.  Birch  and  R.  Robinson,  J.  Chem.  Soc,  501  (1943) 

R.  F.  Church,  R.  E.  Ireland  and  D.  R.  Shridhar,  J.  Org 


Arth,  J.  Am. 
J.  Am.  Chem. 


Chem.  Soc 
Soc  ,  72 


,  82,  5704  (i960). 
,  1231  '1957). 


Chem. ,  27,  707  (1962). 


S.  Mukherjee,  J-  Sci.  Ind.  Research  (India),  lgB,  94  (i960). 

S.  M.  McElvain  and  D.  C.  Remy,  J.  Am.  Chem.  Soc,  82^  3960  (i960). 

W.  Nagata,  I.  Kikkawa  and  K.  Takeda,  Chem.  and  Pharm.  Bull.  (Japan) ,  2>   79  (1961). 

W.  Nagata,  S.  Hirai,  H.  Itazaki  and  K.  Takeda,  J.  Org.  Chem.,  26,  24l3  (1961). 

A.  Bowers,  J.  Org.  Chem.,  26,  2043  (1961). 

W.  Nagata,  Tetrahedron  Letters,  No.  17,  27  (i960). 

J.  A.  Marshall  and  W..  S.  Johnson,  J.  Am.  Chem.  Soc,  84,  1485  (1962). 

W.  L.  Meyer  and  N.  G.  Schnautz,  J.  Org.  Chem.,  27,  2011  (1962). 


7 


DINITROCYCLOHEXANES 


Reported  by  Philip  C.  Kelley 

t 

SYNTHESIS  OF  THE  DINITROCYCLOHEXANES 


October  1,  1962 


Recently  the  syntheses  of  the  1,3-  and  1,4-diriitroqyclohexanes  (1)  and  the  stereo- 
chemistry of  the  1,2-,  1,3-,   and  1,4-dinitrocyclohexanes  (2)  were  reported  by  Nielsen. 
He  extended  his  studies  to  the  chemistry  of  their  nitronate  ions  (3) ,  studied  the 
addition  of  chlorine,  bromine,  and  formaldehyde,  and  learned  much  about  the  stereo- 
chemical path  of  these  synthetically  interesting  reactions . 

1,2-Dinitrocyclohexane  has  been  prepared  by  adding  dinitrogen  tetroxide  to  cyclo- 
hexene  in  ether  (k ,   5) ,   a  reaction  which  has  been  reviewed  in  two  recent  seminars 
(6,  7) .  This  product  is  a  liquid  and  is  probably  a  mixture  of  the  cis  and  trans  isomers 
One  of  the  isomers  can  be  obtained  pure  by  chromatography  over  activated  silica  (5). 
This  was  identified  by  Nielsen  (2)  as  the  trans  epimer.   (See  Table  I  for  all  melting 
points.) 

1,4-Dinitrocyclohexane,  shown  by  Nielsen  to  be  trans ,  has  been  found  in  the  still 
residues  left  from  the  distillation  of  nitrocyclohexane  produced  by  vapor -phase 
nitration  of  cyclohexane  (8)  .  Also,  Nielsen  achieved  a  kkio   yield  of  a  mixture  of  1,^- 
dinitrocyclohexane  epimers  by  the  oxidation  of  1,^-cyclohexanedione  dioxime  (I)  with 
perqxytrifluoroacetic  acid,  a  procedure  originated  by  Emmons  and  Pagano  (9) • 


NOH 


CF3CO3H 
CH3CN 


Peroxytrifluoroacetic  acid  has  been  proposed  to  react  with  an  oxime  through  a 
cyclic  hydrogen  bonded  form  (III)  to  yield  an  aci -nitr oalkane  (IV) .   Studies  of  the 
0-H  stretching  frequency  at  3310-3350  cm=  -1  and  the  0-H  bending  frequency  at  1^50  cm.  x 
in  performic  and  peracetic  acids  suggest  that  they  assume  an  intramolecularly  hydrogen- 
bonded  structure  in  vapor  or  liquid  forms  or  dissolved  in  nonpolar  solvents  (33) •  That 
this  is  the  form  of  the  peracid  involved  in  oxime  oxidation  is  suggested  by  analogy 
with  the  mechanism  of  Overberger  and  Cummins  (3^-)  for  oxidation  of  organic  sulfides  by 
peroxybenzoic  acid.  There  is  no  salt  effect  and  the  sulfide  oxidation  proceeds  faster 
in  toluene  than  in  isopropyl  alcohol,  suggesting  that  there  are  no  ionic  intermediates. 
The  acetonitrile  solvent  used  in  the  oxidation  of  oximes  probably  functions  as  a  base, 
catalyzing  the  conversion  of  IV  to  the  stable  tautomer  V.  If  IV  accumulated  it  might 
be  lost  in  a  Nef  reaction  (see  nitronate  ion  section) . 


0— -  fi 


CF3C   0---N-OH 

A 

R  R 


CH3CN 


0  +  OH 


R/XR 


O^N   H 

\  / 

C 


III 


IV 
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Nielsen  also  converted  I  to  II  In  20jo   overall  yield  by  a  three-step  method.  He 
brominated  I  in  aqueous  dimethylformamide  to  give  trans -1 ,k -dibromo-1 ,k -dinitro- 
socyclohexane  (VI)  in  73$  yield  and  a  dinitrosyl  compound  (VII)  formed  by  cyclization 
of  cis-l,4-dibromo-l,4-dinitrosocyclohexane  (36) .   Compounds  VI  and  VII  vere  separated 
by  fractional  crystallization.  Peroxytrifluoroacetic  acid  oxidation  of  VI  gave  trans  - 
l,4-dibromo-l,4-dinitrocyclohexane  (VIII)  as  the  principal  product.  Reduction  of  VIII 
with  sodium  borohydride  led  to  a  mixture  of  1,4-dinitrocyclohexane  epimers  (II)  separable 
by  fractional  crystallization.  This  procedure  is  a  modification  of  that  used  by 
Iff land  and  Criner  to  synthesize  nitrocyclohexane  (10,  11) .  Nielsen  achieved  better 
yields  in  the  oxidation  step  by  using  peroxytrifluoroacetic  acid  in  place  of  the  nitric 
acid  used  by  Iff land  and  Criner. 

Br 
NOH 


OH 


VI 


VII 


VI   CFgCOgH 

CH2C12,  5 


NO; 


NaBE^ 


NO; 


VIII 


II 


The  mechanism  of  the  sodium  borohydride  reduction  step  might  be  that  suggested 
recently  by  Brown  and  Bell  (2k) ,   which  involves  ionization  of  the  halide  to  yield  a 
carbonium  ion,  but  this  seems  less  likely  than  an  S^2  reaction  involving  attack  by 
borohydride  on  VIII,  because  the  postulated  carbonium  ion,  being  adjacent  to  an  electron 
withdrawing  nitro  group,  would  be  of  high  energy. 

Attempts  to  use  displacement  reactions  such  as  reaction  of  the  trans -1,4- 
dibromocyclohexane  with  silver  nitrite  or  sodium  nitrite  (12,  13),  to  produce  II 
were  unsuccessful.   Since  the  mechanism  of  these  reactions  is  bimolecular,  the  nitrite 
ion  would  have  to  attack  the  diequatorial  trans -1 ,h -dibr omocyclohexane  from  an  axial 
position  and  would  encounter  steric  hindrance  from  the  hydrogen  atoms  on  carbons  three 
and  five. 

A  yield  of  only  six  per  cent  of  1,3-dinitrocyclohexane  (XII)  was  obtained  by 
peroxytrifluoroacetic  acid  oxidation  of  1,3-cyclohexanedione  dioxime.  Most  of  the 
starting  material  was  lost  by  decomposition  to  nitrogen  oxides  and  water  soluble 
compounds. 

A  new  method  of  preparing  acyclic  dinitro  alkanes  (l4)  gave  a  very  low  overall 
yield  of  epimers  of  XII.  Rapid  methylolation  of  the  bis-nitronate  ion  of  1,5-dinitro- 
pentane  (IX)  gave  2,6-dinitro-l-hexanol  (X)  in  kk1<>   yield.  This  was  converted  to  the 
acetate  (XI)  and  distilled.  Reaction  with  sodium  methoxide  gave  a  5/0  yield  of  XII 
and  a  2,5$  yield  of  1,5-dinitropentane  (XIII)  . 
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"OaM=CH(  CH2)  3CH=N02~  ^^       O^CH2(  CH2)  3CHCH2OH  ^^> 

N02 
IX  X 


02NCH2(  CH2)  3CHCH2OAc  2^—> 
N02 
XI 


+     02N(  CH2)  5N02 


XIII 


XII 


The  mechanism  of  the  conversion  of  XI  to  XII  is  probably  as  follows   (lk) : 

XI  4-  2NaOMe  -»     [  O^CHX  CH2)  3C=CH2]~Na+     +     NaCAc     +     2MeOH 

N02 

H  „ 

C=K02 

CH2       CH2 
I  II 

CH2       C 


CH2 


Me  OH 


N02 


02  Na 


+ 


+     NaOMe 


The  ring  closure  step  above  is  analogous  to  a  Michael  reaction, 

TABLE  I 

Properties  of  the  Known  Isomers 

of  Dinitrocyclohexane 


Dinitrocyclohexane 

trans -1,2-  (XIV) 
trans -1,5-  (Xlla) 
cis-1,3-   (Xllb) 
trans -1,4-  (Ila) 
cis-1,4-   (lib) 


M.P. 

46° 
58° 
32° 
.169-170° 
89 -900 


STEREOCHEMISTRY 


The  stereochemistry  of  the  isomers  listed  in  Table  I  was  established  by  two 
independent  methods,   Stereospecific  reduction  of  each  isomer  gave  the  corresponding 
diaminocyclohexane  of  known  stereochemistry  and  the  diequatorial  isomer  was  obtained 
in  equilibration  experiments  with  1,3"  a^d  1,4-  dinitrocyclohexanes  in  ethanolic 
sodium  bicarbonate, 

trans -1,2 -Dinitrocyclohexane  (XIV)  was  reduced  to  trans -1 ,2 -diaminocyclohexane 
(XV)  in  88/0  yield  with  iron  and  acetic  acid.  This  technique  had  previously  been 
shown  to  give  80-82'/o  retention  of  configuration  in  reduction  of  optically  active 
2-nitrofictane  to  2-amino6'ctane  (15,  l6)  „  The  structure  of  XV  had  been  proved  by 
Jaeger  and  van  Dijk  who  resolved  it  into  its  optically  active  isomers  (25)  » 
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Fe,  HOAc^ 
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XIV 


xv 
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Each  of  the  1,3-  and  1,4-dinitrocyclohexane  isomers  was  refluxed  for  five  hours 
in  saturated  ethanolic  sodium  bicarbonate  solution.  The  equilibrium  mixture  of  the 
1,4-epimers  contained  almost  pure  high  melting  isomer  (Ila)  „  This  indicates  the  trans 
(diequatorial)  structure  for  Ila.  The  equilibrium  mixture  of  the  1,3-dinitrocyclo- 
hexane  isomers  contained  ca.  8l$  of  low  melting  isomer,,  Therefore,  Xllb  was  assigned 
the  cis  (diequatorial)  structure. 


.„   NaHC03,  EtOH 
N02    > 

£ 


lib 


N02 


H 


H 


H 


NQ   NaHC03,  EtOH 


> 


H 


NO- 


NO 


Xlla 


Xllb 


The  above  structural  assignments  were  checked  by  hydrogenating  the  nitro  compounds 
to  the  corresponding  diaminocyclohexanes  in  acetic  acid  using  platinum  catalyst.  The 
reliability  of  the  method,  shown  to  result  in  less  than  25$  racemization  in  the 
reduction  of  2-nitroSctane  (15,  16) ,  was  tested  on  the  cis -1,4 -isomer  (lib) .  Compound 
lib  was  reduced  to  the  diamine  (XVI)  in  94$  yield  and  this  was  converted  to  1,4- 
diacetamidocyclohexane  (XVII);  75~9<#  retention  was  found  in  this  series  of  reactions. 


lib 


HOAc 


H 


H 


NH2 


XVI 


NHAc 


NHAc 


XVII 


trans -1 ,k -Diaminocyelohexane ,  one  of  the  reference  compounds,  originally  had  been  synthe- 
sized from  trans -1,4 -cyclohexanedicarboxylic  acid  through  the  diazide  and  the  Curtius 
rearrangement,  known  to  proceed  with  retention  of  configuration  (26) .   cis-  and  trans  - 
1,3-Diamino  cyclohexanes  have  been  synthesized  by  Schmidt  reactions  on  the  corresponding 
dicarboxylic  acids  (27) ,  a  reaction  also  known  to  proceed  with  retention  of  configuration. 

CHEMISTRY  OF  THE  NITRONATE  IONS 

Nitroalkanes  react  in  basic  solution  to  form  relatively  stable  nitronate  ions, 
RCH=N02.  Bis -nitronate  ions  formed  from  dinitroalkanes  are  stable  if  the  nitro  groups 
are  separated  by  more  than  three  carbon  atoms  (17) .  Accordingly  the  bisnitronate  salt 
of  1,4-dinitrocyclohexane  is  stable,  but  the  1,2-  and  1,3-isomers  are  destroyed  by 
hydroxide  ion, 

A  simple  mononitroalkane  such  as  l-nitro-2-phenylcyclohexane  (XVIII)  can  be  used 
to  illustrate  much  of  the  chemistry  of  the  nitronate  ions  (18)  .  trans -l-Mtro-2 -phenyl - 
cyclohexane  (XVIIIa)  dissolved  in  alcoholic  potassium  hydroxide  gives  the  1-aci -nitro - 
2-phenylcyclohexane  salt  (XIX) ,  When  the  solution  is  neutralized  with  alcoholic 
sulfuric  acid,  the  short  lived  (half -life  of  a  few  minutes)  nitronic  acid  (XX)  is 
formed  as  the  first  product  by  a  fast  protonation  of  oxygen.  This  isomerizes  rapidly 
to  the  cis-l-nitro-2-phenylcyclohexane  (XVIIIb)  through  XIX  as  an  intermediate.   It 
has  been  shown  by  kinetic  studies  (19,  32)  that  some  nitronate  ion  must  be  present 
for  the  isomerization  of  aci-nitroalkane  to  nitroalkane  to  take  place. 


-  11 


N02   KOH  . 
EtOH' 


XVIIIa 


XXI 


H 


XX 


R2C=m; 


-If 


\ 


OH 


R2C 


OH 

I 

N-OH 

*OH 


\ 


-H20 

I  ' 

H20 


R 


^ 


/N=0   „+ 


OH 


-H 


+ 


R2Q 


/ 


=OH   H+  +  HON 


\ 


OH 


+  XXI 


If  XX  is  isolated  and  acidified  with  excess  alcoholic  sulfuric  acid,  the  lief  reaction 
(20,  21,  22,  23)  occurs  to  produce  ketone  XXI .  On  the  other  hand,  if  XX  is  dissolved 
in  ethanolic  lithium  acetate -acetic  acid  buffer  in  which  XX  will  appreciably  ionize  but 
the  weaker  acid  XVIII  will  not,  then  a  rapid  formation  of  XVIIIb  results  and  no  ketone 
forms  0 

An  equilibrium  mixture  of  XVIII  isomers,  obtained  by  refluxing  either  isomer  with 
saturated  ethanolic  sodium  bicarbonate  for  one  hour,  contains  99$  XVIIIa  (trans) ,  though 
the  less  stable  XVIIIb  forms  in  the  above  reactions.  This  is  best  explained  by 
considering  the  nitronate  ion  (XIX1)  to  be  planar  sp2  hybridized,  with  prototopic 
attack  from  the  less  hindered  side  the  controlling  factor  (18) ,  It  cannot  have  a 
pyramidal  carbanion  structure  such  as  that  suggested,  but  later  disproved,,  by  Corey 
for  a-sulfonyl  carbanions  (37) • 


XIX' 


XXII 


A  structurally  analogous  example  is  the  kinetically  controlled  ketonization  reaction 
of  enols,  which  frequently  leads  to  the  thermodynamically  less  stable  of  two  stereo- 
isomers. Experimental  evidence  supports  the  hypothesis  that  the  proton  donor  attacks 
from  the  less  hindered  side  of  the  enolic  double  bond  (28)  „  An  example  is  the  enol 
XXII  produced  in  the  decarboxylation  of  ^-phenylcyclohexane-l,l-dicarboxylic  acid 
when  it  is  heated,  either  without  solvent  or  in  mesitylene  or  collidine.  Axial  attack 
by  a  proton  donor  (from  above)  is  hindered  by  the  axial  hydrogens  on  carbons  three 
and  five  1  this  favors  equatorial  attack  and  produces  more  cis -h -phenyl cyclohexane - 
1-carboxylic  acid  than  expected  thermodynamically  (29) . 

trans -1 ,2-Dinitrocyclohexane  (XIV)  reacts  with  one  equivalent  of  hydroxide  ion 
to  form  1-nitrocyclohexene  (XXIV)  in  over  82$  yield .  The  reaction  may  be  a  concerted 
one -step  process  or  may  involve  a  mono-nitronate  intermediate  ( XXIII)  which  rapidly 
eliminates  nitrite  ion. 
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OH 


XIV 


XXIII 


XXIV 


Compound  XIV  has  been  shown  above  in  the  diaxial  conformation  because  Nielsen  thought 
it  likely  that  nonbonded  electronic  repulsion  between  the  nitro  groups  would  make  this 
conformation  lower  in  energy  than  the  diequatorial .  Compound  XXIV  reacts  with  a  second 
equivalent  of  hydroxide  ion  to  form  the  nitronate  ion  XXV  (X^^  238  ima,  €  14,100) „  On 
neutralization,  the  nitronic  acid  XXVI  is  formed.   It  has  a  half  life  of  about  15 
minutes  in  neutral  aqueous  ethanol  and  decomposes  quantitatively  to  XXIV  through  the 
intermediate  XXV,  which  is  protonated  exclusively  at  C-3  since  no  3-nitrocyclohexene 
was  detected  in  the  product.  3-Nitrocyclohexene  cannot  be  excluded  as  a  possible 
intermediate,  but  Nielsen  expected  the  compound  to  be  stable  in  neutral  solution  at  25°. 
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The  1,3-dinitrocyclohexanes  were  supposed  to  form  the  unstable  1,3-bisnitronate 
ion  (XXVII)  (Xjnax  238  mu,  €  20,300)  in  0.01  M  ethanolic  sodium  hydroxide  solution. 
This  solution  very  slowly  turned  yellow  at  room  temperature  giving  decomposition 
products  which  were  not  isolated  but  detected  by  their  ultraviolet  absorption  spectra. 
The  yellow  solution  had  a  strong  absorption  band  at  389  mu.  (^ax  13,300)  and  a  band 
at  2^3  mo-  (£  3980)  °9   this  was  thought  to  be  a  possible  spectrum  for  XXIX.  Acidification 
of  the  solution  resulted  in  a  maximum  at  309  mjj.  (€  10,000) ,  a  maximum  at  212  mu 
(e  10,100),  and  a  shoulder  at  235  mu  (e  5100).  This  fits  the  empirically  calculated 
spectrum  (maximum  at  310  mu)  for  2-nitro-2,4-hexadiene  (XXX)  based  on  spectra  of 
nitroethylene  derivatives  (35) •  Nielsen  suggested  that  regeneration  of  XXVIII  followed 
by  several  steps,  of  which  a  possible  sequence  is  shown  below,  would  give  XXIX. 
Protonation  at  the  terminal  position  of  the  conjugated  system,  as  in  the  protonation 
of  XXV  to  form  XXIV,  would  lead  to  the  nitrodiene  (XXX)  .   Actually  XXVIII  is  a  precursor 
of  the  mono -nitronate  salt  of  1,3-dinitrocyclohexane  (see  mechanism  on  page  9)  and  would 
probably  have  to  be  derived  from  it  in  the  reverse  reaction. 


^J°l 


N02 

xxvri 


0H% 


CH2=CHCH=CHCCH3 

N02 
XXIX 


0aN=CHCH2CH2CH2C=CH2 
XXVIII         ^ 


OH 


CH2=CHCH2CH=CCH3        < 

N02 

CH3CH=CHCH=CCH3 

N02 
XXX 


OH 


-HNO; 


'02N=CHCH2CH2CH=CCH2 

N02 
EtOH 

02NCH2CH2CH2CH=CCH3 
N02 
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The  1,4-dinitrocyclohexanes  form  a  very  stable  bisnitronate  ion  (X^^  2j8  mu, 
e  29,300)  in  OoOl  M  ethanolic  sodium  hydroxide  solution.  Protonation,  chlorination, 
bromination,  and  methylolation  reactions  of  this  ion  have  been  studied.  The  protonation 
and  halogenation  reactions  are  rapid,  kinetically  controlled  processes  giving  90-100$ 
yields  of  quite  pure  products  which  precipitate  from  solution  before  equilibration  can 
take  place.  The  product  compositions,  an  indication  of  the  stereochemical  reaction 
path,  were  determined  by  fractional  crystallization  and  infrared  measurements  (Table  II) , 
The  halogenation  reactions  lead  to  l,4-dihalo-l,4-dinitrocyclohexanes.  As  was  pointed 
out  in  the  discussion  of  the  enol  XXII,  equatorial  attack  seems  to  be  favored  stericallyc 
If  equatorial  attack  is  indeed  favored  in  all  these  addition  reactions,  rapid  attack 
of  the  bisnitronate  ion  (chair  form)  would  favor  formation  of  trans  products.  However, 
if  there  is  a  mononitronate  intermediate  (XXXI) ,  which  has  time  to  come  to  an  inversion 
equilibrium,  less  trans  product  might  be  expected.   The  latter  seems  to  be  the  case 
because  protonation  actually  gives  a  slight  excess  of  cjis -isomer.   In  the  figure  below, 
XXXJa  would  be  the  first  product  of  equatorial  attack  by  the  species  furnishing  X. 


OpN 


XXXIa 


XXXIb 


Reactant 


TABLE  II  (3) 
Reactions  of  Cyclohexane -1,4 -"bisnitronate  Ion 

Yield,  $ 


„       ,        %  trans     __ 
Crystn.       — — -     IR 

(t  5*)         (tl.5*) 


Acetic  acid 

100 

Chlorine 

97 

Bromine 

90 

Formaldehyde 

99 

8L,. 

. 

50 

4^5 

63 

60.5 

71 

61. 5a 

66 

Figure  may  be  slightly  low  due  to  reaction  during  pressing  of  the 
potassium  bromide  disk. 

Reaction  of  the  1,4 -bisnitronate  ion  with  excess  formaldehyde  gave  a  mixture  of 
the  l,4-bishydroxymethyl-l,4-dinitrocyelohexanes.   Since  the  reaction  is  slow,  and 
perhaps  to  some  extent  thermodynamically  controlled,  no  attempt  was  made  to  analyze 
accurately  the  isomer  composition  of  the  product.  The  mechanism  of  this  addition  is 
an  aldol  type  condensation  catalyzed  by  a  trace  of  base  (30) .   It  is  a  general  reaction 
between  primary  or  secondary  nitroalkanes  and  aldehydes  useful  for  the  synthesis  of 
nitro  derivatives  of  sugars  where  nitromethane  is  condensed  with  the  aldehyde  group 
of  a  sugar  molecule  (31) . 


BIBLIOGRAPHY 

1.  A.  T.  Nielsen,  J.  Org.  Chem. ,  27,  1993  (1962) . 

2.  A.  T.  Nielsen,  J.  Org.  Chem.,  27,  I.998  (1962) . 
3«  A.  T.  Nielsen,  J.  Org.  Chem.,  27,  2001  (1962) . 

H.  Baldock,  N.  Levy,  and  C.  W.  Scaife,  J.  Chem.  Soc,  2627  (1949) 

J.  C.  D.  Brand  and  I.  D.  R.  Stevens,  J.  Chem.  Soc,  629  (1958)  . 

D.  H.  Dybvig,  U.  of  111.  Organic  Seminars,  Summer,  1958,  p.  58. 

D.  L.  Lydy,  U.  of  111.  Organic  Seminars  I96O-6I,  I  Sera.,  p.  102. 

8.   E.  H.  Schmorr,  J.  Org.  Chem.,  24,  868  (1959). 


4. 

5o 
6. 

7 


-  14  - 

9.  W.  D.  Emmons  and  A.  S.  Pagano,  J,  Am,  Chem.  Soc,  77,  4557  (1955). 

10.  D.  C.  Iff land,  G.  X.  Criner,  M.  Koral,  F.  J.  Lotsplich,  Z.  B.  Papanastassiou,  and 
S.  M„  White,  Jr.,  J.  Am.  Chem.  Soc,  75,  ^044  (1953)  = 

11.  D.  C.  Iffland  and  G.  X.  Criner,  J.  Am.  Chem.  Soc,  75,  4o47  (1953). 

12.  N.  Kornblum,  B.  Taub,  and  H.  E.  Ungnade,  J.  Am.  Chem.  Soc,  J6,  3209  (195*0  . 

13.  N.  Kornblum,  H.  0.  Larson,  R.  K.  Blackwood,  D.  D.  Mooberry,  E.  P.  Oliveto,  and 
Go  E.  Graham,  J.  Am.  Chem.  Soc,  jQ,   1497  (1956) . 

14.  H.  Feuer  and  R.  Miller,  J.  Org.  Chem.,  26,  1348  (1961) . 

15.  No  Kornblum  and  L0  Fishbein,  J.  Am.  Chem.  Soc,  77,  6266  (1955). 

16.  No  Kornblum,  W.  D.  Gurowitz,  H.  0o  Larson,  and  D.  E.  Hardies,  J.  Am.  Chem.  Soc, 
82,  3099  (I960) . 

17.  A.  T.  Nielsen,  Chem.  and  Ind,  (London),  1358  (1957) . 

18.  Ho  Eo  Zimmerman  and  To  E„  Nevins,  J.  Am.  Chem.  Soc,  79,  6559  (1957). 

19.  S.  Ho  Maron  and  V.  K.  LaMer,  Jo  Am»  Chem.  Soc,  6l,  692  (1939). 

20.  E.  Eo  vanTamelen  and  R.  J.  Thiede,  J»  Am.  Chem.  Soc . ,  jk,   2615  (1952). 
21  o  W.  Eo  Noland,  Chem.  Rev.,  j?5,  137  (1955). 

22.  Mo  F.  Hawthorne,  J.  Am.  Chem.  Soc,  79,  2510  (1957). 

23.  H.  Feuer  and  A.  T.  Nielsen,  J,  Am.  Chem.  Soc„,  84,  688  (1962)0 

24.  Ho  Co  Brown  and  H.  M.  Bell,  Jo  Org.  Chemo ,  27,  1928  (1962)0 

25.  F.  M.  Jaeger  and  J.  A.  vanDijk,  Proc  Acad.  Sci.  Amsterdam,  39,  384  (1936)1 
Chem.  Abstr.,  31,  4960  (1937). 

26.  To  Curtius,  J.  Prakt.  Chem.,  [2]  91,-1  (1915) . 

27.  F.  R.  Hewgill  and  P.  R.  Jefferies,  J.  Chem.  Soc,  805  (1956). 
2c  H.  Eo  Zimmerman,  J.  Am.  Chem.  Soc,  78,  1168  (1956)  . 

29.  H.  Eo  Zimmerman  and  H.  J.  Giallombardo,  J.  Am.  Chem.  Soc,  78,  6259  (1956)  . 

30.  H.  B.  Hass  and  E.  F.  Riley,  Chem.  Rev.,  32,  373  (19^3). 

31.  J.  Mo  Grosheintz  and  Ho  0.  L.  Fischer,  J.  Am.  Chemo  Soc,  70,  1476  (1948). 

32.  R.  G.  Pearson  and  R.  L.  Dillon,  J.  Am.  Chem.  Soc,  72,  357M1950)  . 

33.  P.  A.  Giguere  and  A.  Wo  Olmos,  Can.  J.  Chem.,  30,  821  (1952). 

34.  C.  G.  Overberger  and  R.  W.  Cummins,  J.  Am.  Chem.  Soc,  75,  4250  (1953). 

35.  E.  A.  Braude,  E.  R.  H.  Jones,  and  G.  Go  Rose,  J.  Chem.  Soc,  1104  (1947). 
360  0.  Piloty  and  H.  Steinbock,  Ber.,  ^5,  3101  (1902) . 

37.  E.  J.  Corey,  H.  Ktfnig,  and  T.  H.  Lowry,  Tetrahedron  Letters,  515  (1962) . 


-16- 

it  COMPLEXES  OF  TRANSITION  METALS  WITH  MOKO-OEESTKS 


Report  ed  by  M.  P.  Dixon 


October  8,  1962 


it-Eonded  metal-olefin  compounds  provide  an  interesting  field  for  research  because  of 
their  practical  importance  and  because  of  the  many  challenging  problems  associated  tilth 
their  formation  and  structure.   Two  types  of  metai-olefin  complexes  will  be  discussed-T 
those  in  which  ah  ethylene  or  a  substituted  ethylene  is  the  l'igand,  and  those  in  which 
an  allylic  system  is  the  ligand.   Ethylenic  complexes  have  'oeen   reported  in.  the  litera- 
ture since  1830(1).   Much  of  the  work  on  metal-olefin  complexes,  especially  that  of  J 
Chatt,  has  been  adequately  reviewed' (2-9  ■      The  allylic  ligands  have  recently  joined  the 
ir-cyclopentadienyl,  it-benzene,  rt-cycloheptatrienyl  and  others  as  it-bonded,  delocalized 
systems ( 10, 11 J .  OLEFIN-METAL  COMPLEXES 

Pre] 
irohl 

ponding  it-cyclopentadienyl-metal-carbonyl  halide  or  metal  carbonyl  halide  and  a  Lev/is  acid 
in  benzene.   The  Lewis  acid  removes  the  halide  from  the  starting  complex  and  leaves  a  re- 
active coordination  site.   The  olefin  then  acts  as  a  donor  to  the  activated  coordination 
site. 


Preparation. — Gationic  mono-olefin  complexes  of  riiolybdenum(  II) .  (12),  tungsten(Il)  (12). 
Dn(  II) '(12,13)  >   manganese(l)  (Ik)   and  rhenium(l)  (15)  have  been  prepared  using  the  corres- 


+  A1C1 


t 


AlClI  &&*» 


*B 


CO 

co  ch 


AICI4 


Mn(  CO)  5C1  +  AICI3  Tjrcj 


l40atm. 


+« 


•>  [Mn(C0)5C2H4]  AICI4 


Re(C0)5Cl  +  AICI3  H^^  >  [Re(C0J4(C2H4)2]+AlCl4  +C0 


Lewis  Acid 


IT50 

The  molar  concentration  and  nature  of  the  Lewis  acid  have  an  effect  upon  the  yield  of 
product,  as  seen  in  Table  1(13),  but  at  present  no  conclusion  as  to  the  exact  nature  of  the 
effect  of  the  Lewis  acid  can  be  drawn. 

TABLE  I 
THE  EFFECT  OF  LEWIS  ACID  CONCENTRATION  ON  YIELD 

Molar  Ratio  1°   Yield 

jt-C5H5Fe(C0)2Er  :   Lewis  Acid 

1  31 

3  67 

3  hi 

3  53 

3  37 

3  20 

5  66 


AlBr3 
AlBr3 
TiCl4 
InCl3 
ZnCl2 
FeCl3 
AlBr3 


The  iron(  II) , ,  molybdenum(lI,. ,  tungsten(ll)  and  rhenium(l)  cationic  complexes  are  preci- 
pitated as  their  perchlorate,  hexafluorophosphate,  picrate,  Reineckate  and  tetraphenyl 
borate  salts  from  aqueous  solutions  (12,  13,  15).   The  manganese(l)  cation  decomposed 
rapidly  in  water  making  precipitation  reactions  similar  to  those  of  the  cationic  complexes 
impossible.   It  is  isolated  as  the  salt  of  the  Lewis  acid  used  in  its  preparation(LU). 
Mono-olefin  compounds  prepared  by  this  method  are  summarized  in  Table  II. 

Ultraviolet  irradiation  of  a  n-pentane  solution  of  it-cyclopentadienyl-  or  it -me  sit  3d  ene- 
metal-tricarbonyl  and  ethylene  produces  the  corresponding  it-cyclopentadienyl-  or  it-mesityl- 
ene- ethylene -di carbonyl -metal  complex(l6,17) .   A  trace  of  elemental  mercury  was  observed 
to  improve  the  yield  of  it-cyclopentadienyl-ethylene-dicarbonyl-manganesefl)  but  had  no 
effect  on  those  of  the  chromium(O)  and  molybdenum(o) (16,17) . 

[it-C5H5Mn(C0)3]  +  C2H4  -ig>  [it-C5H5Mn(C0)2C2H4]  +  CO 


[it-CsH3(CH3)3Cr(C0;3]   +  C2H4 

hv 


hy 


[it-C6H3(CH3)3Cr(C0)2C2H4]  +  CO 


[it-CsH3(CH3)3Mo(C0)3J  +  C2H4    — *■      [it-C6H3(CH3)3Mo(C0)2C2H4]      +  CO 

The  cationic  propylene  complex,    it-cyclopentadienyl-dicarbonyl-propylene-iron(ll) ,    has 
been  prepared  by  the  protonation  of  cr-allyl-it^clopentadienyl-dicarbonyl-ironf  II)    in 
dilute  hydrochloric  acid(l8). 
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TABLE  II 

jt-COMPLEXES  OF  TRANSITION  METALS  WITH  MONO- OLEFI IIS 


i+T 


Compound 

[Tt-C5H5Fe  ( CO)  2olef  in  FpFq 

Olefin 

Ethylene  AlBr3 

Propylene  AlBi'3 

1-Octadecene  AlBr3 

Cyclohexene  AlBr3 

Cyclooctene  ZnCl2 

cis-2-Butene  ZnCl2 

[jt-C5H5Mo(CO)3C2H4]   PFi  AICI3 

[tc-C5H5W(  CO)  3C2H4]+PFS  AICI3 

[Mn( CO) 5C2H4]+A1C14  A1C13 

[Re(CO)4(C2H4)2]+PFg  A1C13 
[it-C5H5MnC2H4(CO)2]^ 
[jt~C6H3(CH3)  3Cr  ( CO)  2C2H4] 
[jt-C6H3(CH3)3Mo(CO)2C2H4] 


a  _ 


Lewis  Acid  $>   Yield   Decomp.  Temp.  °C   Color    Ref. 


67 

41 
48 

39 
kl 

29 
2h 
20 


55 


165 

115 
9k 

>250 

ISO 

>130 
120 

104 


116-118 

50 

&5 


y 

y 
y 

y 

y 

y 

y(p) 

y(p) 

c 
c 

ro 
wr 

y 


13 
13 
13 
13 
13 
13 
12 
12 
ik 
15 
17 
16 
16 


y=yellow;  y(p)  =  pale  yellow-,  c  =  colorless^  ro 
'Prepared  using  ultraviolet  irradiation. 


H 


.+ 


red  orangey  wr  =  wine  red. 


CHpCH=CH, 


OC 


s* 


Hv      CH3 
C 


Fe 


CO. 


H/XH 


The  abstraction  of  a  hydride  ion  by  triphenylmethyl  perchlorate  from  o~-alkyl-7t-cyclo- 
pentadienyl-dicarbonyl-iron  (Jl)) ,  (alkyl  =  ethyl,  n-propyl,  an(i  isopropyl) ,  in  tetrahydro- 
furan  produces  the  corresponding  cationic  complexes  in  good  yield(l9). 


[jt-C5H5Fe(C0;2C2H5]  +  J^   Cl6< 


>  [Tr-C5H5Fe(CO)2C2H4]+  C104  +  P3CH 


Structure. — The  Jt  system  is  assigned  to  the  olefin  complexes  on  the  basis  of  the  appear- 
ance of  a  C=C  stretching  frequency  80-140  cm'  x   lower  than  than  the  normal  C-C  stretching 
frequency,  1680-1620  cm  1.   The  lowering  is  due  to  the  bonding  of  the  olefin  to  the  metal. 
The  platinum-olefin  bond  in  the  ethylene-trichloro-platinum(ll)  anion  is  described  as  a 
combination  of  cr-  and  it-type  bonds  formed  by  the  interaction  of  the  ir-orbital  of  the 
olefin  with  a  dsp2  hybrid  orbital  on  the  metal  and  the  interaction  of  a  p-orbital  on  the 
olefin  with  a  dp  hybrid  orbital  of  the  metal  (8).   The  bonding  is  shown  in  I.   The 
recently  prepared  metal-olefin  compounds  are  thought  to  be  similarly  bonded. 

+  .      _-5d6p 
d6s6p£ 

/  -/     Vjp^ 
1     /       i  ^    ^w 

rt2p 

/\1  n  h*  Kj  c  Of  ^/ 

it-bond 
JtA2p 

Representative  structures,  II,  III,  and  IV,  consistent  with  this  interpretation,  are  based 
on  the  characteristic  C=C  stretching  frequencies  in  Table  III. 

Based  on  ligand  field  theory  the  three  carbonyl  peaks  observed  in  the  infrared  spectrum 
of  the  rhenium(l:  complex  are  consistent  with  an  octahedral  complex  in  which  the  n -bonded 
ethylene  ligands  are  cis,  as  in  IV(15)- 
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1 


III 


IV 


2r.4 


Compound 


TABLE  III 

INFRARED  BANDS  OF  METAL -OLEFIN  COMPLEXES 

AC=C 


C=C 

cm 


cm 


C5H5 
cm 


Ring 

1 


C0_ 

i 


Ref 


[  jc-C5H5Fe  ( CO)  aolef  In ]+PF§ 

Ethylene 

Propylene 

cis-2-Butene 

1-Octadecene 

Cyclohexene 

Cyclooctene 

[it-C5H5Fe(C0)2CH3CH=CH2]+PF6 

[*-C5HsMto(C0)3C^H4]+PP5 

[7t-C5H5W(C0)3C2H4]+PFg 
[Mn(CO)5C2H4]+AlCl4 

[Re(CO)4(C2H4)2]+PF£ 
[7t-C5H5Mn(C0)2C2H4] 

[7(-CsH3(CH3)3Cr(C0)2C2H4] 
[Tr-CsH3(CH3)3Mo(CO)2C2H4] 

,  All  hexafluorophosphate  anions  gave  a  characteristic  band  at  840  cm  1. 

The  numbers  expressed  in  parenthesis  are  results  of  early  work  and  have  been  corrected 
to  the  number  above  the  parenthesis  in  later  work.   Apparent  lowering  in  Jt  metal-olefin 
complex. 

Reactions.  --The  reduction  of  the  iron(ll)  complex  V,  [jt-C5H5Fe(CO)2CH2::CHR  ]  C104,with 
sodium  borohydride  in  tetrahydrofuran  provides  an  example  of  the  conversion  ofajt-complex 
to  a  rj-complex(20) .   This  reaction  is  the  reverse  of  the  formation  of&rt- complex  from  a 
cr-complex  by  hydride  extraction(l9J . 


1527 

96 

1447, 

1121, 

1010 

2083, 

204$ 

12, 

1527 

120 

13 

1527 

134 

13 

1527 

118 

13 

1515 

138 

13 

1515 

135 

13 

1527 

120 

1200- 

-1500 

2082, 

2057 

18 

1511 

112 

1432, 

1110, 

1017 

2105, 

2053, 

2006 

12 

1510 

113 

1431, 

1109, 

1016 

2105, 

2053, 

2004 

12 

1541  b 

(i522;b 

82 

2165, 

2083, 

2062 

14 

(101) 

1539 

84 

2146, 

2053, 

2016 

15 

1510, 
(1^99) 

113 

1435, 

1112, 

1005 

2024, 

1966, 

1938 

17 

(124) 

1908, 

I923 

1^-97 

126 

1917, 

I863 

16 

1490 

133 

1924, 

i860 

16 

<& 


00- 


H   R 
V 


>Fe   <■ 


+ 


+H 


-H" 


tj- complex 


CO  E    \ 

it -complex 

V 
The  reduction  of  the  iron  complex  may  be  compared  with  the  reduction  of  the  cobalticin- 
ium  cation,  VI,  with  sodium  borohydride  in  tetrahydrofuran (21 :.   n-Cyclopentadienyl- 
cyclopentadiene-cobalt(ll)^  VTIj is  a  very  active  hydride  donor  us  compared  with  the 


+ 


+H 


VT 


VII 
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Jt-olefin-rt-cyclopentadienyl-iron(ll)  complexes  (19,  21). 

JT-CsHsCoCsHs  +  H+  (aqj ->     ^-C5H3)2C-  +  (aq.  }  +  H2 

rc-CsHsCoCsHs  +  CC14 >   ( 7t-C5H5;2C^+  Cl"  +  CKC13 

In  the  reduction  of  the  iron  complex,  V,  with  sodium  borohydride  cr-ethyl-Jt-cyclo- 

pentadienyl-dicarbonyl-iron(ll)  is  obtained  in  good  yield  when  R  =  H.   When  R  =  CK3 
the  cr-isopropyl-rt-cyclopentadienyl-dicarbonyl-iron(ll)  complex  is  obtained  in  high 
yield  (20).   The  ethyl  complex  was  identified  by  comparison  of  its  infrared  ana  n.m. r. 
spectra  with  those  of  the  ethyl  complex  prepared  by  reaction  of  sodium  it-cyclopentadienyl- 
dicarbonyl-iron(O)  with  ethyl  iodide(22). 


+ 


Na "r[it-C5HsFe(CO)a]' 


,H5I 


jT-C5H5Fe(C0)2C2H5  +  Hal 


The  isopropyl  complex  was  identified  by  comparison  of  the  spectra  with  those  of 
characterized  samples  of  the  isopropyl  and  n- propyl  complexes  prepared  by  the  reaction  of 
the  sodium  salt,  Ha  [jt-C5H5Fe(CO)2]  ,   with  the  corresponding  propyl  halides.   Ho  n-propyl 
isomer  was  found  in  the  reaction  products.   Even  in  the  presence  of  a  large  excess  of 
1-hexene  or  of  butadiene,  the  only  product  observed  was  the  isopropyl  complex.   An 
internal  mechanism  analogous  to  that  proposed  for  the  reduction  of  the  cobalticinium 
cation,  VI,  in  which  the  hydride  ion  attacks  the  metal  and  is  transferred  to  the 
cyclopentadienyl  ring.   Such  a  mechanism  would  be  consistent  with  the  above  observations 
(20,  21). 

jt-Cyclopentadienyl-dicarbonyl -n-propyl --iron(ll) ,  VIII,  is  converted  to  it-cyclo- 
pentadienyl-dicarbonyl-isopropyl-iron(ll)>  X,  in  high  yield  by  preparation  of  the  rc-cyclo- 
pentadienyl-dicarbonyl-it-propene-ironfll),  IX,  cation  (19),  followed  by  its  reduction(21j . 


<® 


00 r»Fe  -  CH2CH2CH3 


-H 


SO 


VIII 


+ 


+H 


-H 


CH< 


■Fe-CH 


/ 


\ 


CH< 


Platinum  and  palladium  ethylene  complexes  have  been  studied  recently  in  connection 
with  the  reaction  of  olefins  with  aqueous  solutions  of  palladium( n)   salts  (23)  and  the 
hydrolysis  of  Zeise's  salt,  K  [C2H4FcCl3]~(2i|-),   The  reactions  were  reported  to  be 
retarded  by  acid.   In  compounds  where  ethylene  was  the  ligand,  acetaldehyde  was  reported 
to  be  the  predominant  hydrolysis  product.   For  example,  the  hydrolysis  of  Zeise's  salt 
in  water  yielded  72  per  cent  ethylene,  13  par  cent  acetaldehyde,  no  ethanol  and  the 
remaining  15  per-  cent  was  not  reported  (2k).      Higher  olefins  in  reactions  with  aqueous 
palladium(  II)   salts  in  weakly  acidic  media  gave  predominantly  the  corresponding  ketones. 
For  example,  the  reaction  of  propylene  with  potassium  tetrachloro-palladate(Il)  in  0.  3N 
perchloric  acid  at  70°  resulted  in  the  ratio  of  1: 10:  propionaldehyde:  acetone  in  the 
products  .obtained. 

ALLYLIC  COMPLEXES 

Methods  of  Preparation.  --Palladium  complexes  involving'  allylic  ligands  are  readily 

prepared  through  the  reaction  of  a  palladium( II)  salt  with  allylic  alcohols(25) ,  allylic 

halides(26,27),  and  cyclic  1,3   dienes(28), 

SO0 
CH2=CHCH20H  +  PdCl2  ^ >   (C3H5PdCl)2  +CH2=  CHCH3  +  Pd  +  C6Hlo02  +  resin 


CH2=CHCH2Br  +  PdEr- 


*>  (C3H5RI.Br)  2  +  other  products 


Displacement  of  carbon  monoxide  from  metal  carbonyls  by  allylic  halides  and  1,3-dienes 
produces  it-allylic  complexes  of  palladium^  II)  '29-31)  >   nickel  ( II)  (30,  32-35),  cobalt  (I) 
(36-42),  and  manganese(l)  (37,39)  jLno 

CH2=CHCH2Cl+( C6H5)  3PNi ( CO)  3  -~~^  3CC  + 


Me  OH 


2CH2=CHCH2X  +2Hi(C0)4 >  8C0  +   [C3H5MX]; 


cr      p(cgh5)3 


CH2=CHCH2Br  +Na00(CO) 


^ 


-20- 


/ 


>       CE2=CKCK2Co{C0;4  \A     /  ^ 

cqlco,  o° 


CK2=CHCH2C0C1  +  NaC0(CO)4  — >  CH2=CHCH2C0Co(C0) 4  /  J 


*-C5H5C0(CO)2  +  C^Br  %$]°f™™>  J  /  11^  C^H 


/     ___JI L—II 


oc'?°^oc 

I 

CO 
Br  -i-  CO 


Co-sg.CO    / 


/ 


CH2=CH-CH=CH2  +  00(00)411  >  [C4H7Co(00)3]   -I-  CO 

CH2=CIICH2C1  +  Na  [Mn(  CO)  5  ]   '^®r>>     CH2=CHCH2Mn(  CO)  5  . 

cr- complex 

C-  "C 

i  1 


;boo 
ivac, 


H 


COi- 


H 


<- 


Kn 


oer  .,; 


\      w 


\_ft  +     Ni(CO) 


JC        CO 

it -complex 

s.__.m — y^\    +1+00 


I       ]    +     Pd(C0)Cl2 


— fBi  Pd 


2CH2=CHCH2Br  +  2Pd  >     [jt-C3H5PdBr]2 


-CO  -I-  other  products 


jt-Allylic-TC-cyclopentadienyl-nickel(  II)    complexes  are  the  only  examples  in  which 
a  Grignard  reagent  is  employed  in  the  preparation  (35,   37)  • 


CH2=CHCH2MgCl  +  U-C5H5)2Ni 


CH2=CHCH2MgCl  +  C5H5Li  +  NiCl2 


NiBr2  +  NaC5H5  + 


Cr 


MgCl 


K  j?  H 

I      !       I 

/  H        |  H 

Ni 


->     [n-C^HsNi-at-C^Hs]  +  MgCl2  +  LiCl 
►  Ni  +  UaBr  +  1-lgBrCl 


^> 
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Miscellaneous   Preparations.  --In  addition  to  the  methods  mentioned  earlier   in 
this   seminar  rt-cyclopentadienyl-rt-cyclopentenyl--nickel(  II)      has  "been  prepared 
by  the  reduction  of  jt-dicyclopentadienyl-nickel(  II)      with  sodium  amalgam  in 
methanol  (35) • 


(jt-C5H5)2Ni  +  Na  (Hg) 


Eton 


+ 


-»     JT-C5H5M-Jt-C5H7  -h  NaOEt 


Tetrafluoroethylene  and  chlorotrifluoroethylene  react  with  Jt-dicyclopentadienyl 
nickel(  II)      to  produce  two  rt-cyclopentadienyl-rt-cyclopentenyl-nic>el(  II)      deriva- 

tives  (*&•  dipentene 

THF 
(«-C5H5)aNi  +  CF2=CF2    ^ — 

75-80°,  16  hrs. 
(jr-C5H5)2Ni  +  CF2=CFC1       dlgl:yme    > 


Ni 


r 


rt-Cyclopentadienyl-rt-cyclopentenyl-chromium  (II)'  dicarbonyl.  XI,  is  obtained  as 
a  by-product  in  the  reaction  of  rt-dicyclopentadienyl-chromium( II) ,  with  carbon 
monoxide  and  hydrogen  at  65-68°  under  pressure.  The  principal  product  is  it-cyclo- 
pentadienyl-chromium(  11)   bricarbonyl  hydride  {hk) . 


Cr(C5H5)2  +  H2  +  3C0 
Cr(C5H5)2  +  H2  +  2C0 


->  C5H5Cr(C0)3H  +  C5H6 


Structure. --The  problem  of  structure  is  easily  approached  by  a  discussion  of  the 
<r~  and  it -allyl  complexes  of  manganese(  I)  .  .  The  n.m.r.  spectra  of  the  pentacarbonyl 
complex,  the  tetracarbonyl  complex  and  that  of  allyl  bromide  are  shown  in  XII. 
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The  relative  areas  in  the  three  regions  of  the  spectrum  of  the  tetracarbonyl 
complex  are  in  the  ratio  1:2:2.   The  spectrum  of  the  pentacarbonyl  complex 
is  not  similar  to  that  of  the  tetracarbonyl  complex  but  does  resemble  that  of 
allyl  bromide.   It  is  on  the  basis  of  this  similarity  in  n.m.r.  spectra  and  that 
a  normal  C=C  stretching  band  is  observed  in  the  infrared  at  1.620  cm.  x   that  the 
pentacarbonyl  complex  is  assigned  a <r-  structure. 

The  infrared  C=C  stretching  frequency  in  the  tetracarbonyl  was  lowered  to 
1505  cm"1,  a  frequency  characteristic  of  the  rt-ethylenic  C=C  stretch  as  reported 
in  Table  III. 

The  chemical  shifts  were  assigned  by  comparison  of  the  chemical  shifts 
observed  for  the  a   and  f3  protons  in  n-cyclopentadienyl-cyclopentadiene-cobalt  ( 
XIII,  with  those  observed  for  Jt-allyl-palladium(  tl)  )  chloride  (21,  28).   The  a 
proton  of  XIII,  which  lies  nearest  the  metal,  is  found  at  t=8.05  p. p.m. ,  the  p 
proton  is  found  at  t=7-6  p. p.m.   The  n.m.r.  peak  of  XIV  at  t=7«05  p. p.m.  was 
assigned  to  H-3,  at  t=5.9&  p. p.m.  was  assigned  to  H-2,  at  t=4.55  p. p.m.  was 
assigned  to  H-l  as  in  XIV. 


Ill), 


X-Ray  studies  on  a  crystal  of  n -allyl -palladium( u),  chloride  show  that  the 
plane  of  the  allyl  group  is  approximately  perpendicular  to  the  plane  of  the  (PdCl)2 
bridge.  The  allyl  group  itself  being  symmetrical  about  a  mirror  plane  passing 
through  the  palladium  atoms  as  in  XV  (47).   The  observed  metal-carbon  and  carbon- 
carbon  bond  lengths  are  comparable  to  those  found  in  ferrocene  XVI  (10,47). 
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One  problem  that  remains  to  be  solved  is  whether  the  it -complex  is  actually 
a  delocalized  system  as  drawn  or  a  mixture  of  two  rapidly  equilibrating  or- complexes. 
Since  there  has  been  no  low  temperature  investigation  reported  for  the  it -allyl  metal 
complexes,  the  validity  of  the  delocalized  system  must  be  answered  in  another  manner. 
A  comparison  of  the  n.m.r.  spectra  of  crotyl-transition  metal  complexes  (28,40,46) 
with  that  of  crotylmagnesium  bromide  shows  they  are  not  similar  as  in  XVII. 
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Since  the  methyl  protons  appear  at  higher  field  than  any  of  the  other  protons  for 
the  cobalt  complexes  this  is  taken  as  evidence  that  a  cr-bond  does  not  exist  between 
the  cobalt  and.  the  CH2.   If  such  a  bond  existed,  a  spectrum  in  which  the  methylene 
protons  appear  at  a  higher  field  than  the  methyl  protons  due  to  shielding  by  the 
metal  would  be  expected,  as  in  the  crotylmagnesium  bromide  spectrum.   Therefore, 
since  the  spectra  are  not  similar  and  the  rt-crotyl-tricarbonyl-cobalt  spectrum 
is  that  expected  for  substitution  of  a  methyl  group  for  a  proton  on  one  of  the 
terminal  allylic  carbon  atoms,  the  proposed  structure  for  the  delocalized  allylic 
system  is  at  least  consistent  with  n.m.r.  data  as  well  as  the  X-ray  structure  of  the 
palladium  complex  XV. 

These  compounds  and  those  containing  the  cyclohexene,  XXI,  and  the  cyclopentenyl 
XXII,  systems,  are  characterized  by  their  n.m.r.  spectra. 


XXI 

The  reaction  of  rt-cyclopentadienyl sodium  with  nickel( II)  bromide  in  tetrahydrofuran 
followed  by  the  addition  of  3-cyclopentenylmagnesium  chloride  to  yield  the  spectroscopy 
cally  defined  rt-cyclopentadienyl-rt-cyclopentenyl-nickel( II) (38)  is  chemical  evidence 
indicating  that  the  structural  assignment  is  consistent  chemically  as  well  as 
spectroscopically. 

Reactions. --The  cyclopentadienylanion  is  capable  of  replacing  a  halogen  in  the 
rt-allylic -metal  halide  complexes. (28-30,  32,  37,  V?) 


[CH3NiBr]2  +  2UaC5Hs 


THF 


WaEr 


[C6H9PdCl]2  +  2NaC5H5  ™F    >  2     Pd  +2  NaCl 
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STRUCTURAL  STUDIES  OF  MACROCYCLIC  PENTAENE  .ANTIBIOTICS 


Reported  by  G,  Leadbetter 


October  22,  1962 


The  pentaene  antibiotics  are  members  of  a  rather  large  group  of  polyene  antibiotics, 
Though  the  structures  of  most  of  these  polyene  antibiotics  have  not  yet  been  elucidated, 


studies  have  led  to  proposed  structures  of  three  of 
seminar  will  deal  these  studies, 

GENERAL 


;he  pentaene  antibiotics,  this 


The  polyenes  are,  in  general,  metabolites  of  the  order  Actinomyce tales  and, 
particularly,  of  the  genus  Streptomyces,  A  brief  list  (Table  I)  of  these  compounds  will 
serve  to  demonstrate  the  number  of  polyenes  so  far  known,  which  can  be  classified 
readily  according  to  the  number  of  conjugated  carbon-carbon  double  bonds  by  use  of 
ultraviolet  spectroscopy  (2) . 

TABLE  1 

Polyene  Antibi otics  (l,  2) 


Tetraene 

Pentaene 

Hexaene 

Heptaene 

Nystatin 

Eurocichin 

.  Fradicin 

Amphotericin  B 

RLmocidin 

Fungi  chromatin 

Flavacid 

Candid in 

Pimaricin 

Fungi chromin 

Mediocidin 

Candicidin 

Amphoterian  A 

Filipin 

Endomycin  B 

Candimycin 

Protocidin 

PA-153 

Ayfactin 

Chromin 

Pentamycin 

Ascosin 

Antimycoin 

Lagosin 

Trichomycin 

Sistomycosin 

PA-I50 

Endomycin  A 

Antibiotic  1968 

Etruscomycin 

PA-I66 

Tennecetin 

Flavofungin 

Tetrin 

^Vax 

^^max 

^-•A^max 

A,XXmax 

292 

322 

3^1 

361 

305 

336 

358 

381 

318 

351 

379 

405 

Some  of  the  physical  properties  of  the  pentaenes  are  found  in  Table  II, 

TABLE  II 
Fnyslcal  Properties  of  the  Pentaenes  VI 


Antiobiotic 

M,  P 

Mol ,  Formula 

[a]D 

^max 

Eurocidin 

>300° 

_._ 

+200° 

318,333,351 

PA-153 

dec.  up  to  260° 

C 37^61 O14N 

+398° 

317,332,3^9 

Pentamycin 

237  (dec j 

__ 

__ 

322,338,356 

Filipin 

195-205  (dec) 

C37HS2O12 

-148° 

322,338,355 

Lagosin 

235  (dec) 

C35H.580l2 

-160° 

323,339,357 

Fungi chromin 

205-210 

C35H58O12 

-176° 

323,339,3?7 

Structures  nave  been  proposed  for  filipin  (I)  (6),  logosin  (II)  (8),  and 
fungichromin  (II)  (lk) . 

Fungichromin  and  lagosin  II  have  the  same  skeletal  structure,  but  do  not  have  the 
same  optical  rotation,  so  may  differ  in  their  stereochemistry. 
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H 


n-CsHu 
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FILLET® 

Probably  the  greatest  difficulty  in  the  structural  determination  of  filipin  was 
deciding  upon  a  correct  molecular  formula.   Filipin  was  first  reported  in  1955  (3,   4) 
and  the  molecular  formula  C30R50010   was  proposed.   Next,  Djerassi  considered  a 
C33H54010  formulation  to  be  in  better  agreement  with  thedegradative  evidence  available 
Whiting  and  Dhar  (8)  proposed  a  C35H58OH  formula,  since  filipin1 s  infrared  spectrum 
was  very  similar  to  that  of  lagosin,  for  which  they  had  established  the  formula  C35R5Q012 
from  x-ray  studies .  Djerassi  (6)  finally  concluded  that  the  formula  C37H620i2  was 
correct  on  the  basis  of  nuclear  magnetic  resonance  studies, 

TABLE  III 


(7) 


C 

H 
0 


Analysis  of  Filipin 
Calcd.  for 

C33Hs4°ll         C35H58O4  ^37^62012 

64.89  64.20  63.57 

8.91  8.95  8.95 

26.20  26.88  27.47 


Found 

63*97 

8.82 

27.23 


It  is  clear  from  Table  III  that  microanalytical  results  do  not  distinguish  between 
formulae  C35H58OH  and  C37H62012,  but  they  do  seem  to  make  C33F54010  less  likely.  A 
decision  between  the  C35  and  C37  formulae  was  reached  by  nuclear  magnetic  resonance. 

The  nuclear  magnetic  resonance  spectrum  of  filipin  peracetate  III  showed  a  comple:; 

group  of  peaks  in  the  region  3.12  ■-  5  =  77  T  assigned  to  iTT  .  _    ,  OTT  _  protons, 
,  .  f         *..  , .   ,  ,  .   +        ,    ttt  -CH-O-C-  and  CH=C  ^      ' 

which  are  indicated  in  structure  III.  I    A 

It  was  known,  that  filipin  contained  at  least  seven  or  eight  hydroxyl  groups  (7)  , 

and  the  implicit  assumption  is'  made  that  all  oxygen  atoms  are  present  as  hydroxyl  groups 

except  the  two  involved  in  the  lactone  function.   The  nature  of  the  chromophoric  group 

was  shown  when  oxidation  of  filipin  (I)  failed  to  yield  2-methyundecanedioic  acid  as  was 

the  case  with  perhydrofilipin  (V) .   Thus  it  can  be  assumed  that  filipin  contains  nine 

olefinic  protons,  since  this  acid  must  arise  from  the  pentaene  chromophore. 
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The  ratio  of  (a)  the  total  number  of  protons  minus  the  low  field  protons  to  (b) 
the  low  field  protons  [(Htot-H3, 12-5.77) /H3012-5,7t]  represents  an  Index  of  the  number 
of  acetate  groups  in  filipin  peracetate.   The  theoretical  ratios  from  C33H54010  (octa- 
acetate  C49H1001S)  is  2, 88,  from  C35H58OH  (nonaacetate  C53H76020)  is  3°  00,  and  from 
C3?H62012  (decaacetate  C57H82022)  is  3° 10°   Ehe  experimentally  found  value  (the  average 
of  ten  separate  determinations)  was  3°12to,02,  which  indicates  a  C37H62012  formula  for 
filipin o 

An  alternative  criterion  was  used  to  arrive  at  the  C37H62012  formula  for  filipin. 
The  complex  multiplet  3 « 12-5,77  T,  assigned  to  olefinic  and  -CH-0-C-  protons,  appeared 
to  break  on  either  side  of  4.5^  x.  If  the  nine  olefinic         0 

protons  lie  between  3°12  and  ha^k   t,  then  the  ratio  of  peak  areas  in  the  region  3°12- 
k.^k   t  yields  another  indication  of  the  molecular  formula  of  filipin  peracetate.   The 
value  found  in  four  separate  experiments,  1,19,  also  leads  to  the  formula  C37H62012 
for  filipin.   The  theoretical  values  being  C33H.54.Ox 0-l  =  00 $  C33H5801;L-1„00  and 
C37He20i2-lo22= 

The  reliability  and  accuracy  of  this  procedure  was  tested  by  employing  this  same 
technique  with  lagosin  (II) ,   Since  the  empirical  formula  of  lagosin  had  been  determined 
by  means  of  x-ray  (8),  complete  acetylation  must  lead  to  lagosin  decaacetate  (IV) 
(C55H78O22) 0 
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IV 


The  ratios  of  the  higher  protons  to  the  low  field  protons  (low  field  protons  indicated 
in(lV))  is  78-20/20  =  2,90,   The  results  of  ten  measurements  gave  2,92  t  0,02, 

The  following  is  an  outline  of  the  degradation  scheme  used  in  the  structural 
determination. 
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No  reaction 


The  polyene  is  preferred  in  the  location  given  since  the  longest  wavelength  maximum 
(Xmax  355  rci-O  of  "the  pentaene  chromophore  of  filipin  is  shifted  to  386  mp.  upon  opening  of 
the  lactone  ring  and  cleavage  with  sodium  periodate  in  buffered  solution   The  bathochromic 
shift  is  due  to  conjugation  of  the  newly  generated  carbonyl  function  with  the  five  double 
bonds o   The  position  of  the  hydroxylated  hexyl  fragment  was  deduced  from  the  base -catalyzed 
retroaldolization  of  filipin,  which  produced  hexanal  (isolated  as  its  2,4-dinitrophenyl- 
hydrazone) „  As  already  mentioned  filipin  contains  at  least  seven  or  eight  acetylatable 
hydroxyl  groups  and,  since  filipin  is  not  attacked  by  sodium  periodate,  the  hydroxyl  groups 
must  be  B  (1,  3.)  in  order  to  accommodate  the  molecular  formula „ 

A  detailed  investigation  of  the  dibasic  acids  obtained  from  the  nitric  acid  oxidation 
of  perhydrofilipin  was  undertaken  by  gas  phase  chromatography  and  mass  spectrometric 
analysis  of  the  methyl  esters  (6)  .   In  unbranched  methyl  esters,  one  of  the  principal 
cleavages  occurs  between  the  a-  and  3 -carbon  atoms,  to  give  peaks  at  m/e  M-73  and  m/e 
7k   (the  latter  by  rearrangement  of  one  hydrogen  atom) „   In  a -methyl  methyl  esters, 
fragmentation  occurs  predominantly  after  the  branched  carbon  atom  to  yield  peaKs  at  m/e  M-&7 
and  m/e  88,   The  relative  ratios  of  the  peaks  at  m/e  M-73  and  M-87  and  of  the  peaks  at 
m/e  7^  and  88  can  be  used  for  analysis „   This  approach  is  based  upon  the  work  of  Ryhage 
and  Stenhagen  (17)  and  their  rules  of  fragmentation  (.18) 

The  first  six  peaks  consisted  of  the  homologous  series  dimethylsuccinate  to 
dimethylazelate,  each  contaminated  with  an  equal  amount  of  its  a-methyl  analogue.  Peak 
No,  7  consisted  of  dimethyl  2-methyldecanedioate  and  a  small  amount  of  dimethyl  2- 
methyldecanedioate.   Peak  No,,  8,  which  was  the  largest,  consisted  of  dimethyl  2 -methyl  - 
undeconedioate  with  a  trace  of  dimethyl  2-methyldodeconedioate, 
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Since  peak  No.  8  was  the  largest  peak  the  major  point  of  cleavage  of  perhydro- 
filipin  (V)  by  nitric  acid  can  he  assigned  as  indicated  below. 

n-C5.Hn 

H0>|  ^j  OH      ™r 


However,  when  perhydrofilipin  was  first  saponified  and  then  oxidized  with  sodium 
periodate,  a  similar  experiment  yielded  the  same  basic  pattern  of  dibasic  acids  except 
that  dimethyl  2-methyldodecanedioate  was  the  largest  peak.   It  follows,  then  that  the 
methyl  group  of  the  chromophore  must  be  placed  as  shown  in  1,  for  if  the  reverse  were 
true  dimethyl  2-methylundeconedioate  would  again  have  been  the  largest  peako 

All  of  the  structural  features  deduced  thus  far  can  only  be  expressed  by  formula 
L   There  are,  however,  earlier  results  reported  by  Carter,  Gottlieb  and  coworkers 
(k)  f   which  are  not  explained  by  formula  I,   Filipin  in  concentrated  methanolic  or 
ethanolic  solution  at  k°   undergoes  a  reaction  which  gives  a  white  crystalline  substance 
(ihio   yield)  .   These  workers  reported  the  "alcoholic  degradation  product"  had  one  more 
oxygen  atom  than  filipin.   The  alcoholic  degradation  product  has  maxima  at  290,303  and 
318  mu,  takes  up  only  k,Ok   moles  of  hydrogen  and  is  not  optically  active. 

That  the  "alcoholic  degradation  product"  is  a  tetraene  can  be  deduced  from  its 
ultraviolet  absorption  spectrum  (cf ,  Table  I)  and  from  its  hydrogen  uptake. 

It  has  also  been  reported  (5b)  that,  when  filipin  was  hydrolyzed  in  aqueous  methanol, 
the  product  consumed  2.9^  moles  (corrected  from  the  2 A   moles  calculated  for  the  earlier 
C30H50O10  formula)  of  sodium  periodate,   This  oxidation  product  had  a  neutralization 
equivalent  of  3^-1  and  absorption  maxima  at  3^-7 ,   531  and  318  mu.  similar  to  those  of 
filipin  itself o   It  should  be  recalled  that  Djerassi,  et  al„ ,  (6)  in  a  similar  experi- 
ment reported  a  bathochromic  shift  to  386  mu.  for  the  peak  at  longest  wavelength,  and 
that  this  latter  result  is  the  only  evidence  for  placing  the  lactone  (or  vicinal 
hydroxyl  group)  adjacent  to  the  chromophore.   Saponified  perhydrofilipin  consumed  on] 
1.4  moles  of  periodate  in  5  hours  (5b) . 

Wo  satisfactory  explanation  has  yet  been  advanced  for  these  results,  though  a 
tentative  suggestion  of  epoxide  formation  was  made  for  the  "alcoholic  degradation  product." 
It  is  of  interest  that  Cope,  et  al. ,  (lk)    in  their  work  with  fungichromin  observed  that 
the  antibiotic  also  incorporated  one  oxygen  atom  after  standing  several  weeks,  but 
that  this  could  be  removed  by  azeotropic  distillation  of  a  benzene  suspension.   These 
workers  postulate  that  fungichromin  forms  a  stable  hydrate,  which  is  not  changed  by 
re  crystallization  from  absolute  methanol.   Decahydrofungichromin  does  not  form  a  hydr-r; 
An  analogous  explanation  for  the  filipin  "alcoholic  degradation  product,"  would  not, 
however,  explain  the  change  in  the  chromophore. 

LAGOSIN 

Lagosin  was  first  isolated  in  1957  (19)  an^  the  first  determination  of  molecular 
weight  by  x-ray  methods  suggested  the  formulae  C41H66_70Oi4  and  C41H78-8o0i4  f°r 
lagosin  and,  perhydrologosin,  respectively  (11).   Reexamination  by  Whiting  (8)  of  the 
x-ray  photographs  led  to  the  new  proposal  that  lagosin  was  C35H58012  and  perhydrolagosin 

Was  Cq^HqqO^s. 

The  degradation  scheme  employed  for  the  structure  determination  was  that  below. 
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Treatment  of  lagosin  with 
consumption  of  two  moles  of  sod 
reaction  product  by  use  of  pape 
fied  with  sodium  hydroxide  to  a 

The  C15  fragment  (VIII)  wa 
te trade capentaenal  (10) „  It  wa 
(isolated  as  Its  2,4-dinitrophe 
verted  by  hydrogenation  and  red 
trldecanoic  acid  (XI)  . 


sodium  periodate  produced  a  C34  fragment  (VI)  with  the 

ium  periodate „   Formic  acid  was  also  identified  as  a 

r  chromatography  (8) „   The  C34  fragment  (VI)  was  saponi' 

C15  fragment  (VIII)  and  a  C19  fragment  (VII) . 
s  identified  as  12,13-dihydroxy-2-methyl-2,4,6,8,10- 
s  treated  with  sodium  periodate  to  yield  acetaldehyde 
nylhydrazone)  and  the  dialdehyde  (IX) ,  which  was  con- 
uction  with  phosphorous -hydrogen  iodide  into  iso- 


-  31  - 

The   methyl  group  in  the  aldehyde  (VIII)  was  located  by  condensation  with  acetone, 
oxidation  with  periodate  then  silver  oxide,  and  esterification  to  a  keto  ester  (XIV) , 
which  was  also  produced  from  the  methyl  ester  of  X  by  condensation  with  acetone. 

The  presence  in  lagosin  of  the  grouping  CHOH  -  (C=C)5-CHOH  was  indicated  with  the 
reservation  that  l-»2  acyl  migrations  can  be  rigorously  excluded  only  by  model  experiment  s  -  - 
when  oxidation  of  aldehyde (VI)  with  manganese  dioxide  or  chloranil  gave  a  product  with  a 
pentaene-dicarbonylchromophore  which  was  not  IX. 

Whiting,  Ryhage,  et  al.  (ll)  investigated  the  acid  fragment  VII  by  the  sequence  of 
reactions  shown,  which  produced  the  ester  XV,   The  mass  spectrum  of  XV  gave  the  molecular 
weight  as  312,  and  it  showed  high  peaks  due  to  fragments  of  m/e  =  158  and  228,  which 
suggested  a  methyl  dialkylacetate  structure  with  C6  and  Cn  alkyl  groups.   The  ester  XV 
was  identified  by  comparison  with  an  authentic  sample  of  methyl  2-hexyl  trideconoate  by 
gas  chromatography  and  mass  spectrometry. 

Acetoxyl  determination  on  the  amorphous ,  fully  acetylated  derivatives  of  lagosin, 
the  aldehyde -ester  (VI)  and  perhydrolagosin  were  standardized  with  glucose  pentaacetate 
and,  for  perhydrologosin,  corrected  for  partial  dehydration  estimated  by  hydrogen  uptake 
(8)  .  This  indicated  that  all  the  oxygen  atoms  other  than  those  of  the  lactone  grouping 
were  hydroxylic.   The  hydroxy!  groups  in  (VI)  were  assigned  f3-(l,3)  "to  satisfy  the  require- 
ments of  the  periodate  data  and  the  molecular  formulae  of  degradation  products,, 

This  was  confirmed  when  oxidation  of  VII  with  nitric  acid  yielded  a  mixture  of  acids 
but  no  glutaric  or  higher  dicarboxylic  acids  (8)  however,  about  0.015  moles  of  succinic 
acid  were  present,  presumably  formed,  inefficiently,  from  the  1-hydroxyhexyl  chain.   It 
follows  that  no  two  adjacent  methylene  groups  can  have  been  present  in  the  main  chain  of 
acid  VII. 

Base -catalyzed  retroaldclization  of  lagosin  produced  hexanol,  which  is  consistent  with 
the  isolation  of  methyl  2»hexyl  tridecanoate  as  a  reduction  product. 

FUNGICHROMIN 

Fungi chromin  was  isolated  in  195^  by  Tytell  et  al.  (12) ?  and  the  structure  was 
assigned  by  Cope,  Johnson  and  co-workers  (.13,  1^).  Different  methods  were  employed  with 
fungichromin  than  with  logosin,  but  these  led  to  the  same  structure. 

A  large  active  hydrogen  value  (lithium  aluminum  hydride  in  tetrahydrofuran)  indicated 
the  presence  of  10-11  hydroxyl  groups  and  C -methyl  determination  gave  ^-h   groups. 

The  pentaene  chromophore  in  fungichromin  (II)  was  identified  when  2-methyl-2,^-,6,8,10- 
dedecapentaenedial  (XX) f  obtained  from  fungichromin,  was  reduced  with  sodium  boro- 

hydride,  to  XII  which  had  the  same  ultraviolet  absorption  spectrum  as  that  of  fungichromin 
itself.   Compound  XX  was  identified  by  conversion  to  2-methyldodecanedIoIc  acid  which 
could  also  be  produced  from  decahydrofungichromin  (V) , 

Steam  distillation  of  an  alkaline  aqueous  suspension  of  fungichromin  yielded  1- 
hexanal?  locating  the  side  chain  OC   to  the  carbonyl. 

Determination  of  the  exact  number  of  carbon  atoms  in  fungichromin  was  achieved  by 
degradation  to  a  hydrocarbon,  which  was  identified  by  comparison  with  a  synthetic  sample, 
the  degradation  scheme  is  that  Indicated,  starting  from  decahydrofungichromin  (V; .   The 
hydrocarbon  (XVII)  had  a  molecular  weight  of  ^92  as  determined  by  mass  spectrometry. 
The  possibility  of  rearrangement  during  the  degradation  was  eliminated  when  the  poly- 
tosylate  of  XVI  also  was  reduced  to  XVII  using   lithium  aluminum  hydride  followed  by 
hydrogen. 

The  C35  hydrocarbon  (XVII)  was  oxidized  with  chromium  trioxide  to  2-octanone  and  2- 
tetradecanone,  identified  by  comparison  of  their  mass  spectra  and  gas  chromatograms  with 
authentic  samples.,   The  identity  of  (XVII)  as  7,2L-dimethyltritriacontane  was  confirmed 
by  synthesis , 

Saponified  fungichromin  consumed  three  moles  of  periodate  and  fungichromin  itself 
only  two  moles,  indicating  the  preference  of  the  grouping      1        Cleavage  of 
decahydrofungichromin  with  periodate  followed  by  lithium  ~Q~  ~I~!C* 
aluminum,  hydride  reduction  produced  two  polyols  C15H3203 

and  C19H4008  which  were  reduced  to  their  corresponding  saturated  hydrocarbons,  whose 
Identities  were  shown  by  synthesis  to  be.  2-mcthyltetradecane  and  7-methyloctadecone. 
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The  structure  for  the  C1gH4008  polyol  was  established  when  it  was  found  to  be  inert 
to  periodatc 

Since  fungichromin  consumes  two  moles  of  sodium  periodate  the  remaining  two 
hydroxyl  groups  must  be  placed  on  C-l4  and  C-15  to  account  for  the  formation  of  the 
triol  XIX. 

Ring  closure  at  C-27  was  shown  when  D-(+)  1,2 -propanediol  was  obtained  from  fungi- 
chromin by  the  reaction  sequence  shown.   Ring  closure  at  C-26  would  have  produced  1,2,3- 
butanetriol  triacetate.   No  trace  of  the  compound  could  be  found,  and  since  the  product 
was  of  D-configuration,  the  configuration  of  C-27  is  also  D.   The  configuration  at 
C-26  was  shown  to  be  L  when  2L:3D-( -) -erthro-l,2,3-butanetriol  triacetate  was  obtained 
from  fungichromin  by  the  reaction  sequence  shown.   The  erythro  and  threo  isomers  were 
prepared  for  purposes  of  comparison  in  the  following  manner, 

CH3 

1)  CH3COOOH 

2)  AC2O     *" 
CH2OH 

dl -erythr o-l ,2,3 -butanetriol  triacetate 


1)  HOAc,  AgOAc 
CH2OAc    2)  Ac20 


H 


OAc 


dl -threo -1,2, 3 -butane triol  triacetate 
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RECENT  APPLICATIONS  OF  THE  WITTIG  REACTION 
Reported  by  H.  E.  Dunn  October  25,  1962 

The  Wittig  reaction  is  easy  to  perform  experimentally,  proceeds  under  mild 
conditions,  and  gives  good  yieldSo   These  factors  give  it  a  distinct  advantage  over 
other  methods  of  olefin  synthesis,  particularly  for  the  synthesis  of  sensitive  olefins 
such  as  methylene  steroids  (1,2),  vitamins  (3*^  5) >   and  other  natural  products. 

Since  the  last  review(6)  there  have  been  many  improvements  and  new  applications 
of  the  Wittig  reaction.   It  is  now  possible  to  control  the  steric  courses  of  the  Wittig 
reaction,  to  prepare  ketones  in  higher  yields,  to  make  o-halogenated-a,f3-unsaturated 
carboxylic  acids,  to  synthesize  polyenoic  acids  in  high  yield,  to  make  l,l-dihalo8lefins 
in  one  step,  to  make  cyclic  olefins,  to  synthesize  macrocycles  in  better  yields  and  in 
fewer  steps  than  by  most  classical  methods,  and  to  synthesize  mixed  azines. 

In  the  past  few  years  there  have  been  several  reviews  (7>8, 9>10)  covering  the  litera- 
ture to  November,  i960.   This  seminar  will  emphasize  the  literature  of  the  last  two  years. 

I.  Modified  Procedures 

A  New  Convenient  Route  to  1,1-Dihalofllefins.  --Rabinowitz  and  Marcus (11)  found  that 
when  a  concentrated  solution  of  triphenylphosphine  in  carbon  tetrachloride  is  allowed  to 
stand  at  room  temperature  for  kQ  hours  or  is  heated  at  6o°  for  two  to  three  hours  and 
then  hydrolyzed,  no  triphenylphosphine  is  recovered.   The  following  reaction  sequence  was 
felt  to  be  responsible  for  this  observation.  _ 

(c6h5) 3^/^13  — >  (c6h5)3p:1___;cci3  — >  (c6H5)3p-cci3 
ci 

(C6H5)3P-CC13  +  (C6H5)3P  — >  (C6H5)3P  — CC12 

rcl     ^4L        — >(C6H5)3PC12  +  (C6H5)3P=CC12 

V^_^.P  (CsH5J3 
(C6H5)3P=CC12  +  RCHO      >  R-CH=CC12  +  0P(C6H5)3 

For  synthetic  purposes  they  found  it  convenient  to  carry  out  the  reaction  forming  the 
1,1-dihalotilefins  in  one  step  by  adding  the  carbonyl  component  to  the  initial  mixture. 
For  example,  when  a  solution  of  triphenylphosphine  and  benzaldehyde  in  carbon  tetra- 
chloride was  heated  at  6o°  for  two  hours  a  72  per  cent  yield  of  p,p~diehlorostyrene  was 
obtained. 

These  authors  also  investigated  reactions  of  other  polyhalomethanes  with  triphenyl- 
phosphine in  the  presence  of  benzaldehyde.   With  bromotrichloromethane,  p,p-dichloro- 
styrene  was  obtained,  and  with  dichlorodifluoromethane  and  dibromodif luor omethane ,  [3,p- 
difluorostyrene  was  produced.   Ramirez,  Desai,  and  McKelvie(12)  found  that  a  similar 
reaction  takes  place  in  carbon  tetrabromide  with  the  formation  of  (3,  j3-dibromostyrene  in 
84  per  cent  yield. 

The  Reaction  of  Triphenylphosphinecarbethoxymethylene  with  Ketones.  --Triphenylphos- 
phinecarbalkoxymethylenes    of  the  general  formula  l(R'-CH3,  C2H5;  R=H,  CH3)  have 
been  used  with  aldehydes  in  the  synthesis  of  a  number  of  a,p-unsaturated  esters  and 
ketones(l3H  however,  they  were  considered  to  be  unable  to  undergo  the  Wittig  reaction 
with  ketones.   Fodor  and  To'm8sk6lzi(l4)  found  that  triphenylphosphinecarbalkoxymethylenes 
will  react  with  ketones  if  the  reagent  is  first  isolated  and  then  heated  with  the  ketone 
in  a  sealed  tube  at  IOO-I700.   The  desired  products  are  obtained  in  yields  of  k2-6o 
per  cent. 

(C6H5)3P  =C-C00R'  +  0=C^    xw  >   n">C=C-C00R'  +  0P(C6H5)3 
R  XR'"        R^'   R 

(R'=CH3,C2H5>  R=Hi  R"=CH3,  C6H5j  R!,'-CH3,  C2H5,CsH5i  R"  -R"  »  =-CH2(CH2)  2, 3CH2-) 

The  Use  of  Phosphonate  Carbanions  in  Olefin  Synthesis. --  Wadsworth  and  Emmons ( 15) 
found  that  the  reaction  of  phosphonate  carbanions  containing  electron-withdrawing  groups 
with  aldehydes  or  ketones  in  an  aprotic  solvent  constituted  a  useful  olefin  synthesis. 
These  reagents  were,  in  general,  more  reactive  than  the  analogous  triarylphosphinemethyl- 
enes  or  "Wittig"  reagents  and  had  a  number  of  special  features  which  enhanced  their 
utility.   They  were  in  most  cases  much  less  expensive  and  they  reacted  with  a  wider 
variety  of  ketones  and  aldehydes,  usually  under  much  milder  conditions. 


(RO)2PC^   +  R2j  !C~0 


-34- 
^"C^l  +(RC.)2  fi? 


(R!=Hi  R'^CeHs^-COOCaHs^CN,  etc.) 

The  reaction,  for  example ,?  of  triphenyiphosphinephenacylmethylene  with  benzaldehyde 
had  "been  carried  out  by  refluxing  the  reagents  in  tetrahydrofuran  for  30  hours.   The 
analogous  reaction  using  diethyl  phenacylphosphonate  anion  (II)  was  exothermic  at  room 
temperature  and  after  immediate  workup  gave  comparable  yields  of  olefin. 


(C2Hs0)2FCHC0C6H5  +CsH5CH0 


->CsH5CH=CHCOC6H5   +  (C2H50)2P0 


e 


II 


II.   New  Reactants 
Formation  of  Mixed  AzinesT--Markl(l6)  has  reported  recently  that  triphenylphosphine- 
methylene(lll)  reacts  with  aliphatic  diazo  compounds ( IV)  whose  electrophilic  activity 
is  increased  by  electron  withdrawing  substituents  to  give  triphenylphosphine  and  the 
corresponding  mixed  azine(V).   The  triphenylphosphine  formed  reacts  with  another  mole  of 
aliphatic  diazo  compound  and  forms  the  phosphazine  (VI). 

g_R"  -—^c^h  )  p  +  RCH-N-N=C-C-R" 


(C6H5)3P=CHR  +  N2< 
III   n . .   IV 

9  8 

(C6H5)3P+N26-e~Rn  — 


<C6H5)3P  +  RCH-N-N= 
V 


(CQH5)3P=N-N=C  -C-R' 


VI 


The  reactions  were  conducted  at  room  temperature  in  absolute  benzene  or  toluene.   The 
reaction  mixture  containing  azine(V)  and  phosphazine ( VI)  was  separated  by  fractional 
crystallization  from  absolute  ether  or  methanol  or  by  chromatography  on  aluminum  oxide. 
Table  I  shows  some  of  the  reactants  used  and  products  obtained  by  M&rkl. 

TABLE  I 
Formation  of  Mixed  Azines  and  Phosphazines  From  Triphenylphosphinemethylenes 
and  Aliphatic  Diazo  Compounds 


Diazo  Compound 
0  N2 

R"C-0-R! 

Phosphazine 

R'O 

(C6H5)3P=N-N=C-C~R" 

Azine 
C6H5CH=M 

XL 

R'=-C00CH3 
R  """CgHs 

m. p,  °C 

Yield,  ^ 

m.p.  ,  °C 

Yield,  $ 

136-138 

100 

108-110 

3h 

R'--CSH5 
R  ^-CqHs 

,„,  1,  ,.„„„„  _T_^__T- 
116-117 

62.5 

150-151 

90 

Rl-   -H 
R  --CgHs 

119-120 

80 

oil 

— 

Improvement  in  the  Me"Uiod_for  the  Preparation  of  Ketones.,  --Bestmann(17)  describee' 
method  by  which  phosphine  alkylenes  can  be  C-acylated  by  the  use  of  acid  chlorides.   The 
aeylated  product  then  is  hydrolyzed  to  the  corresponding  ketone. 

8  fif  ®        « 

RC-C1  +  2R'-CH=P(C6H5)3 — ->  RC-C=P(C6H5)3  +  [R> -CH2-P(CSH5) 3]C1U 


P- 


0  R1 

h 


P(C6H5)3 


R-C-CH2R;  +  0P(C6H5)3 
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A  recent  improvement  of  this  method  for  the  preparation  of  ketones  is  found  in  the 
preparation  of  the  triphenylphosphineacylalkylene.   Instead  of  using  acid  chlorides  as 
the  acylating  agent,  Bestmann  and  Arnason  employed  thiolcarboxylic  acid  S-ethyl  esters 
(l6)o   The  reaction  is  performed  in  two  steps.   First,  the  phosphineacylalkylene( VTIl) 
and  the  phosphonium  ethylmercaptide(lX)  are  formed.   Then,  the  mercaptide  is  heated  to 
split  cut  ethyl  mercaptan  with  the  regeneration  of  the  triphenylphosphinealkylidene(VII  ) 
The  mercaptide,  ethyl  mercaptan,  and  VII  are  in  an  equilibrium  from  which  ylide(VTl)  is 
removed  by  further  reaction  with  the  thiolester. 

>R-C~C   =P(C6HS)3 

VIII 


R-C-SC2H5  +  2R1 


■ch=p(csh5;3 

VII 
©       0 

[R!-CH2-P(CsH5)3lSC2H5  ±HZ 


0       & 
+   [Rs-CH2-P(CsH5J3rS 

IX 


-^2^5 


The  stoichiometry  of  the  reaction  i 


mi  +   C2H5SH 
IC-SC 


Ii5  +  VII  >  VIII  +  C2H5SH. 

id  the  addition  of  a  little  alkali 


R-C-C-R1 


R-d-CH2-R!  +  P(C6K5)3 


The  hydrolyses  were  conducted  In  aqueous  alcoho] 
increased  the  reaction  velocity.   Traphenylphosphineacylbenzylidene,  triphenylphosphine- 
p_-nitrobenzoylmethylene,  and  triphenylphosphinebenzoylcarbomethoxymethyleiie  were  no^ 
hydrolyzable . 

A  second  method  for  obtaining  the  ketone  from  the  triphenylphosphineacylalkylene  is 
reductive  cleavage  with  zinc  in  glacial  acetic  acid,  as  carried  out  by  Trippett  and 
Walker  (19;  20).         n 

P(C6H5)3 

This  reaction  went  especially  well  when  R  was  aromatic  (yield  over  9<$).  When  R  was 
aliphatic  the  yields  of  ketones  were  far  below  those  from  hydrolysis,  and  in  many  cases 
the  cleavage  failed  to  work. 

Ramirez  and  Dershowitz  (21)  had  shown  earlier  that  acetyl  and  benzoyl  derivatives  of 
triphenylphosphinemethylenes  will  react  with  benzaldehyde  to  form  benzalacetone(76$) 
and  benzylideneacetophenone(7C^)/  respectively.   Bestmann  and  Arnason (18)  have  now 
shown  that  the  reaction  is  quite  general  for  the  conversion  of  triphenyiphosphine- 
acylalkylenes  to  a, j3 -unsaturated  ketones,  especially  a- substituted  ketones. 


0  R1 
R-C-C=P(CSH5)3  +  CsH5CH0 


0  R< 

I!  L 

R-C-C=CH-CsH5 


0P(C6H5)3 


III.   New  Types  of  Products 
Synthesis  of  c^p-Acetylenic  Acids. --a,  p-Acetylenc  carbcxylic  acids  may  be  prep, 
bhermal  decomposition  of  triphenylphosphineacylcarbometnoxymethylenes(22) . 

©  © 

(C6H5)  3P-C-C02CH3  (C6H5)  3P~C-C02CH3 


10- 


220-250 


A 


-R 


lO^C-R 


->  0P(CsE5)3  +R-C=C-COaCH< 


Triphenyj.phosphineacylcarbomethoxymethylenes  can  be  thermally  cleaved  with  temperatures 
of  220-250°  into  triphenylphosphine  oxide  and  the  substituted  propiolic  acid.   For  a  list 
of  the  substituted  propiolic  acids  prepared  see  Table  II. 

TABLE   II 
Acetylenecarboxylic  Acids  Obtained  by  the  Thermal  Decomposition  of 
Triphenylphosphineacylcarbomethoxymethylenes.  fRC=CC02R) 


R= 

m.  p.  ,   C 

Yield,   fo 

R= 

m  p.  ,"C 

3  ield 

■/.    ' 

CH3- 

Ikl 

77 

^1     X0CH3        p>— 

©-            c:;36 
a.-Q- 

142-143 

67 

©-CHsCH- 

151-153, 
(decomp.  ) 

65 

124 

75 

O- 

135-136 

73 

.,07-108 

7S 

chs-O- 

l4T-lii-9 

81 

130-131 

66 

8- 

138 

82 

186 

81 

107-110f  decorn .  ) 

76 
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Synthesis  of  g-Halogenated-a, fi-Unsaturated  Carboxylic  Acids,  --a-Halo-a, ^-unsaturated 

carboxylic  acids  can  be  prepared  from  triphenylphosphinehalocarbomethoxymethylenes(23) . 
(C6H5)3P=  CC1-C02CH3  +  RCHO  — >  RCH=CC1-C02CH3  +  OP(C6H5)3 


RCH=CC1-C02CH3 


WaOH 


RCH-CCl-COONa 


Several  new  highly  chlorinated  acids  have  "been  prepared  by  this  method  (i.e., 
CCl3CHs CC1C02H  and  CC12:  CHCH: CC1C02H) . 

Triphenylphosphinecarbomethoxymethylene(X)  reacts  with  a  chlorine-nitrogen  gas 
mixture  to  give  the  chloride  salt  of  triphenylphosphinechlorocarbomethoxymethylene(Xl) , 
which  in  turn  immediately  reacts  with  a  mole  of  X  to  give  triphenylphosphinechlorocarbo- 
methoxymethylene(XIl)  and  the  triphenylphosphinecarbomethoxymethylene  salt(XIIl). 
Triphenylphosphinechlorocarbomethoxymethylene(XIl)  is  isolated  in  good  yields  as  color- 
less crystals*        ri  /„  ©  CI 

(C6H5)3P=CH-C02CH3  U  2/Mg   >  [(CsHsJsP-iH-COsCHsJCl" 
X  XI 


,e 


XI  +  X >   (C6H5)3P=CC1-CQ2CH3  +  [(C6H5)3P~CH2-C02CH3]C1 

XII  XIII 

Synthesis  of  Polyenoic  Acids.  --Kucherov,  et  al.  (2k)      treated  polyenals(XIV)  (n-1,  2, 
3,  h)   with  triphenylphosphinecarbethoxymethylene  and  obtained  the  corresponding  polyenoic 
acid  esters  in  greater  than  80  per  cent  yields . 


CH3(CH=CH)nCHO  +  (C6H5)3P=CHCOOC2H5 

XIV 


?H3(CH=CH)n  +  1COOC2H5 


In  simplicity  of  procedure,  general  applicability,  yields,  and  purity  of  the 
product  formed,  the  Wittig  reaction  in  most  cases  surpasses  other  methods  of  preparing 
a, ^-unsaturated  esters  and  is  also  the  most  convenient  method  of  preparing  polyenoic 
acids. 

The  older  method  of  synthesizing  polyenoic  acids  is  similar  to  that  used  by  Pommer(25) 
to  synthesize  vitamin  A.   Schwieter  and  co-workers  (J)   have  recently  synthesized  vitamin 
A2  acid  and  the  all  trans  vitamin  A2.   Dehydro-p-ionone(XV)  was  used  as  a  starting 
material.   In  several  steps  they  were  able  to  obtain  (dehydro-^-ionylidene-ethyl) - 
triphenylphosphonium  bromide ( XVI ) ,  which  was  converted  to  a  ylide  by  sodium  ethoxide. 
The  ylide  on  condensation  with  butyl  p-formylcrotonate  gave  an  isomeric  mixture  of 
vitamin  A2  acid  n-butyl  esters (XVIIa).   Upon  saponification  the  crystalline  vitamin  A2 
acid  (XVTIb) (m.  p.  176-I780)  was  obtained.   The  vitamin  A2  acid  was  esterified  with 
diazomethane  to  its  methyl  ester ( XVIIc ) ,  which  was  reduced  with  lithium  aluminum  hydride. 
By  chromatographing  the  vitamin  A2  alcohols  on  aluminum  oxide,  Schwieter  and  co-workers 
obtained  two  isomers  in  crystalline  form.   The  13-cis -vitamin  A2(XVIII)  (m.  p«  73-75°)  was 
eluted  first,  followed  by  all-trans-vitamin  A2(XIxT(m.,  p°  17-1-9°)» 

2H2P(  CsH5)  3 
Br© 


several  steps 


COOR 


XV 


XVI 


2)  OCHC(  CH3)  =CHCQ0p4lI9 
3) saponification^ 


HpOH 


XVII 
(a)   R-11-C4H9 
R-H 

R=CH3 


All-Trans       XIX 


15-Cis 


XVIII 


A  Stereospecific  Synthesis  of  Unsaturated  Aliphatic  AcidSc - -Shemyakin  and  co-workers 
(26}  employed  a  simple  method  distinguished  hy   high  stereospecificity,  few  steps,  and 
availability  of  starting  materials,  for  obtaining  higher  cis-ethylenic  acids.   The  method 
is  based  on  the  condensation  of  aldehydes  with  triphenylphosphine-t*J-carbethoxyalkylidenes 
(XXII)  according  to  the  following  scheme: 

XCH2( CH2) nC00Rl°SH5^P->[ ( C6H5)  3P -  CH2( CH2) ^COOR]^    °^501  ■ -K C6H5)  3P=CH( CH2)nCOOR 

XX  XXI  XXII 

CH3(CH2)mCHO 

>       CH3(CH2)mCH=CH(CH2)nCOOR 

"   XXIII 


It  was  found  that  the  iodide  salts ( XXI) (x=l)  were  inert  and  did  not  give  XXII  when 
treated  with  an  alkoxide  or  sodamide  in  benzene,  perhaps  due  to  their  low  solubility. 
However,  the  reaction  proceeds  in  highly  polar  solvents.   Thus,  triphenylphosphine- 
w-carbethoxyoctylidene  and  triphenyphosphine-60-carbethoxydecylidene(XXIIj  n=7  or  9, 
R=C2H5)  were  formed  easily  by  heating  the  phosphonium  salt(XXI-,  n=7  or  9,  x=I,  R=C2H5) 
with  sodium  ethoxide  in  tetrahydrofuran  or  the  dimethyl  ether  of  diethylene  glycol,  or 
by  treating  XXI  with  sodamide  in  tetrahydrofuran  at  room  temperature.   The  most  advanta- 
geous solvent  for  obtaining  the  triphenylphosphine-o>-carbethoxyalkylidienesfXXIl)  and 
for  their  subsequent  condensation  with  aliphatic  aldehydes  proved  to  be  dimethylforrnamide, 
in  which  these  conversions  proceed  smoothly  at  room  temperature.   Using  this  method  and 
starting  fromo-chlorononanoic  and£J~chloroundecanoic  acids  (XX;  n=7  or  9>  R=H) ,  they 
were  able  to  synthesize  a  series  of  unsaturated  aliphatic  acids  (Table  III). 

TABLE  III 
Cis -Unsaturated  Acids  CH3(CH2)mCH--CH(CH2)nCOOH 


Name  of  Acid 


9-Hexadecenoic 

11  Oc  iadecenoic 

9~0ctadecenoic 

9-Eicosenic 

11-Eicosenic 

ll-Docosenlc 


n 


YieldT? 


jsdk 


71 
73 
Go 
67 

5^ 


0-1^ 

10-12° 

11-13° 

20=5-21.5° 

21-22° 

29-30° 


b.p.°C(p^£S.    in  mm.  ) 

1  7n    T  r7c:0/'-i  n\ 


170-175°(15) 
155-I56°(2xl0-4) 
160-165° (2xl0~4) 
170-175° (2xl0~4) 


1.855T 
1.  4583 
1.  ^578 
1.^595 


The  reaction  was  found  to  proceed  stereospecifically  and  to  give  mainly  the  cis-isomer. 
Quantitative  measurements  made  on  9-oc"ta|3-ecsnic  acids(XXIII,  m=n=7>  R=H)  and  their  methyl 
esters  showed  that  91-93/^  was  the  cis-isomei ■■. 

Upon  a  more  extensive  examination  of  the  stereospecific  reaction  Shemyakin  and  co- 
workers(27)  found  that  when  Lewis  bases  are  added  to  the  reaction  mixture  a  higher  pro- 
portion of  the  cis  product  results.   It-  is  reported  that  the  best  Lewis  bases  to  employ 
are  lithium  iodide  and  lithium  bromide  in  dimethylf ormamide.   It  was  suggested  that  the 
Lewis  base  interacts  with  the  positive  charge  on  the  ylide  phosphorus  atoms  thus  pre- 
venting dipole-dipole  line-up  of  the  substituted  phosphinemethylene  and  the  aldehyde, 
according  to  the  following  scheme; 


+ 


UT—0 


R'  -B: 


\ 


r-V'r^^ei 

n 


53P0  +  C 


In  non-polar  solvents  the  reaction  has  primarily  the  character  of  dipole  interactions. 
The  dipolar  molecules (ylide  and  aldehyde)  are  oriented  so  that  the  dipole  attraction  is 
maximal  and  the  repulsion  between  the  substituents  (R  and  R!)  is  minimal.  Under  these 
conditions  the  product  is  mostly  trans- 


„© 


03?-rr^O 


•I  Ii 


R- 


/ 


C'i—  ~   ■^"s^  ■-*' 


^R1 


H     R1 
03PO  +     C=C^ 
R     H 


IV.  Unusual  Applications 
An  Intramolecular  Olefin  Synthesis.  -~Triphenyl-(4» benzoyl -1-butyl)  -phosphoniu:,.  bromide 
(XXIV) ,  prepared  from  triphenylphosphine  and  ^-benzoyl-1-bromobutane,  gave  on  1     on 
with  sodium  ethoxide  in  ethanol  the  cyclic  olefin  1-phenylcyclopentene  (XXV) ,  apparently 
via  the  ylide  £8 


© 


,0 


[ ( CSH5) C0( CH2) 4-P( C6H5) 3] Bru  +  C2H501fe 
XXIV 


->[  ( C6H5)  C0(  CH2)  3CH=P(  CSH5)  3  ]   +NaBr+C2H50H 


!-(pH2)3  +  0P(C6H5)3 
.XXV 


-38- 
The  olefin  thus  obtained  (2k$   yield)  was  identical  with  1-phenylcyclopentene  synthesized 
by  an  alternate  method  (2  ^ .      Even  if  the  intramolecular  Wittig  method  gives  inherently 
low  yields  of  the  desired,  product  it  may  prove  useful  in  those  cases  where  the  oiefinic 
double  bond  is  to  be  located  in  a  specific  position  and  other  methods  involving  elimina- 
tion reactions  as  the  final  step  would  yield  a  mixture  of  isomers  or  the  wrong  isomer. 

Synthesis  of  a  Macrocycle.  — The  macrocycle,  1,2}  5>6*  9A0*  13>l^-tetrabenzocyclo- 
hexadeca-l,3>5>7>9AlA3>15-octaene(X3Q{)  has  been  prepared  by  application  of  the  Wittig 
reaction  (30)°   The  o-xylylene-bis-phosphonium  salt'XXVl)  was  prepared  in  good  yield  by 
quaternization  of  triphenylphosphine  with  o-xylylene  dibromide  in  dimethylformamide. 
By  the  addition  of  lithium  ethoxide  XXVI  was  transformed  to  the  corresponding  di-ylide, 
which  reacted  with  o-tolualdehyde( XXVII,  R=CH3)  to  give  l,2-bis(o-methylstyryl)benzene 
(XXVI I la)  in  53$  yield.   XXVI I la  was  then  brominated  with  W-bromosuccinimide  to  give  the 
bis-bromomethyl  derivat ive( XXVI lib ) .   The  bromomethyl  derivative  was  not  isolated  but 
treated  directly  with  two  molar  equivalents  of  triphenylphosphine  in  dimethylformamide. 
The  bis-phosphonium  salt(XXIX)  was  converted  by  lithium  ethoxide  to  the  corresponding 
bis-ylide  which  was  treated  with  o-phthaleldehyde.   The  octaene(XXX)  produced  was 
separated  from  the  triphenylphosphine  oxide  by  extraction  and  purified  by  chromatography 
and  recrystallization. 

The  observed  spectrum  indicated  an  absence  of  phenyl- ethyl enic  conjugation  and  a 
completely  noncoplanar  conformation  of  XXX.   For  substantiation  of  the  structure;  XXX 
was  catalytically  reduced  to  the  saturated  material  l,2)5,6)9>10)13*l^~'fcetrabenzocyelo- 
hexadeca-l,5>9>13-"fcetraene,  identical  with  an  authentic  sample. 

The  overall  yield  of  XXX  starting  from  o-xylylene  dibromide  in  five  steps  was  9$«   The 
previous  synthesis  of  XXX  involved  ten  steps  (31)  #  after  eight  steps  a  10$  over -all 
yield  was  reported  but  no  yield  data  were  given  for  the  final  two  steps.   Thus  it 
appears  that  the  application  of  the  Wittig  reaction  to  the  synthesis  of  macrocycles  may 
be  more  advantageous  than  previously  reported  methods,  especially  with  respect  to  yield 
and  facility. 


® 

CH2P(C6H5)3 


H2P(CSH5)3 


B§ 


2BV   + 


CHO 


XXVT  XXVII 

XXVIIIa   +  MBS  — "*■  XXVIIIb 

XXVIIIb  +  2(C6H5)3P  —■ > 

!H=CH- 


-CH=CIi 


<<^>r 


^N, 


^^   XXVIII 


+  0P(CSH5)3 

(a)  R=CH3 

(b)  R=CH2Br 


CH2P(G6H5)3 


XXIX  LiOCgHs 


V 

O~^H0       /\ 
-cho     r     ii 


e 

CH2P(C6H5)3 

XXIX 


0 


CH=CH 


CH=CH 


XXX 


+0P(C6H5) 


-39- 

Synthesis  of  Aromatic  Hydrocarbons  "by  an  Intramolecular  Wittig  Reaction. --Markl  (32) 
found,  that  triaryl  pyranylium  salts  (XXXI*  R=C6H5  or  R=£-CH3CsHijT  react  with  triphenyl- 
phosphinemethylenes  to  give  triphenylphosphineacylmethylenes  (XXXII),  which  can  undergo 
an  intramolecular  Wittig  reaction  and  form  substituted  benzenes  (XXXIIl)  in  59-64$  yields. 
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CPIEMISTRY  OF  CYCLIC  AZO  COMPOUNDS 

Reported  by  T.  H.  Fisher  October  29 ,  1962 

This  seminar  will  deal  with  the  chemistry  of  cyclic  compounds  containing  the  azo 
linkage j,  -N=N-,  as  part  of  the  ring  structure.   It  will  include  a)  diazirines,  b)  1- 
pyrazolines,  c)  bicyclic  azo  compounds ,  d)  diazaqui nones,  e)  6-,  J-   and  8-membered  ring 
azo  compounds ^  f)  large  ring  azo  compounds,  and  g)  miscellaneous  azo  compounds.   It  will 
not  include  "aromatic"  cyclic  azo  compounds  such  as  cinnolines,  indazoles,  pyrazoles, 
phthalazines,  pyridazines,  etc. 

Diazirines.  -- 

Early  workers  in  the  field  of  aliphatic  diazo  chemistry  incorrectly  assigned  a  cyclic 
three -membered  ring  structure  to  the  diazo  linkage ;   however,  with  the  aid  of  modern  physi- 
cal methods  the  diazo  linkage  has  been  shown  to  be  linear  (1) .   Recently,  Schmitz  and  Ohme 
(2),  and  Paulsen(3)  have  prepared  several  diazirines,  a  new  class  of  cyclic  azo  compounds 
containing  the  three -membered  ring  originally  assigned  to  aliphatic  diazo  compounds . 
Diazirine  itself  (II,  R=R'=H) ,  monosubstituted  diazirines  (II,  R=H,  R'=alkyl)  and  disub- 
stituted  diazirines  (II,  R=R'=alkyl)  have  been  prepared.   The  reaction  of  a  ketone  in  liq- 
uid ammonia  with  chloramine  or  hydroxylamine -0-sulfonic  acid  gives  a  disubstituted 
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diaziridine  or  isohydrazone  (I)  in  fair  yields ,   The 
structure  of  (I)  was  determined  by  its  microanalysis,  infrared  spectrum,  and  chemical 
behavior.,   The' infrared  spectrum  of  I  (R=R'=Et)  has  no  bands  in  the  region  1^50  to  1700 
cm.  1  (absence  of  -C=N-  stretch),  and  only  one  band  near  3300  cm.  1  ( -N-H  stretch, 
absence  of  -NH2)  (k)  .   The  oxidation  of  diaziridines  (I)  to  diazirines  (II)  has  been 
effected  by  such  oxidizing  agents  as  silver  oxide,  mercuric  oxide,  alcoholic  potassium 
permanganate,  and  chromic  acido  Diazirines  (II)  are  acid  and  base  resistant.   Other 
chemical  and  spectral  characteristics  will  be  discussed  later,   Disubstituted  diazirines 
(2,  3)  have  been  prepared  from  acetone,  2-butanone,  4-heptanone,  acetophenone ,  and  cyclo- 
hexanone)  monosubstituted  diazirines  have  been  prepared  from  acetaldehyde,  propionaldehyde, 
and  butyraldehyde  (5) .   The  monosubstituted  diazirines  were  not  characterized  directly 
due  to  their  volatile  and  explosive  nature  Their  structures  were  inferred  from  deriva- 
tives made  by  adding  a  Grignard  reagent,  followed  by  treatment  with  phenyl  isocyanate  or 
chloral,   Diazirine  itself  (II,  R=R'=H)  has  been  prepared  from  formaldehyde  by  the  reaction 
mentioned  above  (6),  and  by  the  reaction  of  t-octyl-  or  t-butylazomethine  with  difluor- 
amine  in  carbon  tetrachloride  (7) . 
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Diazirine  is  a  colorless  gas,  b,p,  -lk°   (7) .   Schmitz  (6)  reported  diazirine  to  be 
explosive  at  -k0° ,   being  stable  only  in  solution.   The  ultraviolet  spectrum  of  diazirine 
in  methanol  shows  a  maximum  at  321  imi,  while  its  gas -phase  ultraviolet  spectrum  exhibits 
nine  sharp,  regularly  spaced  peaks  between  282  and  32^  mu  (X<raax  308  mn,  e  =  176)  ,   Its 
n,m,r,  spectrum,  run  in  carbon  tetrachloride  at  0°,  is  a  singlet  at  8,76  t„   The  gas- 
phase  infrared  spectrum  of  diazirine  shows  the  expected  -C-H  absorption,  multiple  peaks 
in  the  range  l6lO-l660  cm„  x  (probably  -N=N-  stretch),  and  absence  of  a  band  at  2101  cm.' 
(characteristic  of  diazomethane)  (8).   The  rotational  spectrum  of  diazirine  has  been  run 
in  a  frequency  region  of  7„8  to  kl   kMc.(9) .   From  the  observed  rotational  transitions, 
which  are  consistent  with  the  cyclic  structure  (II,  R=R'=H)  possessing  a  C2  axis  of 
symmetry,  the  bond  angles,  bond  lengths,  moments  of  inertia,  dipole  moment,  and  quadru- 
pole  coupling  parameter  have  all  been  determined.   The  mass  spectral  cracking  pattern  of 
diazirine  is  consistent  with  a  compound  of  molecular  weight  k2. 
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Chemically,  diazirines  are  much  less  reactive  than  diazomethanes.   This  is  one  of 
their  most  remarkable  characteristics.   Diazirine  remains  unaltered  in  3  K  hydrochloric 
acid  after  one  hour.   It  is  resistant  to  concentrated  sodium  hydroxide  and  to  t-butoxide 
ion  in  t-butyl  alcohol.   Diazirine  can  be  stored  in  glass  containers  if  protected  from 
ultraviolet  radiation.   It  does  not  decolorize  bromine  water.   Hydrogenation  of  diazirines 
with  one  mole  of  hydrogen  and  a  palladium  on  charcoal  catalyst  gives  the  corresponding 
diaziridines  in  good  yield,  excess  hydrogen  gives  the  amine,  RR'CH-NH2,  and  ammonia.   The 
reaction  of  diazirines  with  alkyl  Grignard  reagents  give  the  N-alkyl  diaziridines,  which 
can  be  characterized  as  their  phenyl  isocyanate  derivatives.   The  N-alkyl  diaziridines 
can  be  prepared  independently  by  the  reaction  of  the  corresponding  ketone  or  aldehyde 
with  alkyl  amine  followed  by  treatment  with  chloramine.  Diazirines  often  explode  on 
heating  $  however,  the  thermal  decomposition  of  the  higher  molecular  weight  diazirines 
in  high  boiling  solvents  can  be  controlled.   Thus,  the  thermal  decomposition  of  3,3- 
pentamethylene  diazirine  (III)  at  l60°  in  nitrobenzene,  benzyl  alcohol,  or  dicyclohexyl 
amine  gives  cyclohexene  and  nitrogen  (2) . 
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The  photolysis  of  diazirine  to  form  methylene  has  been  studied  by  Frey  and  Stevens 
'10) .   The  gas -phase  photolysis  of  diazirine  in  excess  trans -2-butene  produces  methylene 
Thich  adds  stereospecifically  to  the  double  bond  giving  trans -1,2-dimethylcyclopropane 
ind  only  a  trace  of  cjLs -1,2-dimethylcyclopropane,  plus  C-H  insertion  products.   This 
stereospecific  addition  suggests  that  the  methylene  is  in  the  singlet  state.   The  photolysis 
Df  diazirine,  diazomethane,  and  ketene  in  the  presence  of  excess  n-propane  and  excess 
i -butane  gives  the  product  distribution  shown  in  Table  I. 

TABLE  I 


Reagent 
n-Pro  pane 

n -Butane 

C- 

-H 

INSERTION  FROM  VARIOUS 

METHYLENE 

SOURCES 

hylene  Source 

Diazomethane 

2.65 
1.00 
1.25 
1.00 

1. 

2. 

Products 

n -Butane 
i so -Butane 
n-Pentane 
iso-Pentane 

Diazirine 

l«99 
1.00 

0.92 

1.00 

Met 

Keten< 

2.05 
1.00 

From  Table  I,  it  is  seen  that  the  methylene  from  diazirine  is  less  reactive,  i.e. ,  more 
selective  in  secondary  C-H  insertion,  than  the  methylene  from  diazomethane.   The 
differences  in  reactivity  of  the  methylenes  from  these  three  methylene  sources  can  be 
explained  in  terms  of  differences  in  the  translational  and  vibrational  energies  of  the 
methylenes  in  question. 
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1-Pyrazolines.  --  1-Pyrazolines  are  5-memt|ered  ring  azo  compounds,  which  often 
isomerize  to  their  A2-isomers  with  acid  or  heat.   Only  recent  aspects  of  pyrazolines  will 
"be  discussed  here,  since  it  is  a  very  large  field  and  several  recent  reviews  are  avail- 
able (11,  12,  13) .   The  most  common  methods  of  preparing  pyrazolines  are  the  reaction  of 
hydrazine  on  d, (3 -unsaturated  carbonyl  compounds  (Ik)    and  the  reaction  of  diazo  compounds 
with  olefins  containing  electron -withdrawing  groups  (15,  l6) .   In  the  reaction  of  diazo- 
methane  with  an  olefin,  usually  the  new  carbon -nitrogen  bond  is  formed  between  the 
terminal  nitrogen  of  the  diazo  group  and  the  carbon  of  the  double  bond  alpha  to  the  most 
electronegative  substituent  of  the  double  bond.   Parham  and  coworkers  (17,  18)  have 
found  the  reverse  to  be  true  for  the  addition  of  diphenyldiazomethane  to  nitroolefins  of 
the  type  R-CH=CHN02;  thus,  the  terminal  diazo  nitrogen  becomes  attached  to  the  p-carbon 
of  the  nitroolefin.   The  structures  of  the  resulting  pyrazolines  were  determined  by 
labeling  the  alpha  position  of  the  nitroolefin  with  C14,  and  determining  the  amount  of 
C14  present  in  the  benzoic  acid  and  carbon  dioxide  obtained  by  the  potassium  permanganate 
oxidation  of  the  pyrazole  which  is  formed  in  quantitative  yields  from  treatment  of  the 
nitropyrazoline  with  hydrochloric  acid.   The  stereochemistry  of  the  formation  (Ik,   19) 
and  the  decomposition  (13,  19,  20)  of  1-pyrazolines  has  been  studied.   Rinehart  and  Van 
Auken  (19)  have  found  that  the  low  temperature  photolysis  of  1-pyrazolines  stereospecif- 
ically  produces  cyclopropanes  in  good  yields,  while  the  pyrolysis  of  1-pyrazolines  is 
usually  nonstereospecific. 

Bastus  and  Castells  (21)  have  reported  a  pyrazoline  rearrangement  to  the  diaza- 
bicyclopentane  structure.   The  addition  of  diazomethane  in  ether  to  tetracyanoethylene 
in  tetrahydrofuran  gives  a  72$  yield  of  3,3A,^--tetracyano-l-pyrazoline  (IV)  ,  which 
decomposes  slowly  at  room  temperature  to  give  1,1,2,2-tetracyanocyclopropane.   Treat- 
ment of  IV  with  dry  ether  is  reported  to  give  2,2,3,3-"tetracyano-l,5-diazabicyclo(2.1.0)  - 
pentane  (V) ,  identified  by  the  presence  of  a  band  at  3333  cm°  1  (N-H  stretch)  and  a 
weak  band  at  1592  cm,,  1  (N-H  deformation)  ,  and  the  absence  of  a  medium  band  near  1600 
cm.  -1  (  -C=N-  stretch).   The  ether  solution  of  V  is  stable  for  weeks,  but  further  isomer- 
izes  to  the  A  -isomer  (VI)  when  treated  with  tetracyanoethylene.   The  structure  of 
4,4,5,5-"tetracyano-2-pyrazoline  (VI)  was  assigned  by  the  presence  of  a  medium  band  at 
1618  cm. 
taining  a  trace  of  hydrogen  chloride  isomerized  VI  to  V. 


( -C=N-  stretch)  and  a  weak  band  at  1595  cm."1  ( -N-H  deformation  (8).  Ether  con- 
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Bicyclic  Azo  Compounds.  --  Diels,  et  al.  (22),  have  prepared  2,3-diazabicyclo(2.2.l) 
2-heptene  (IX)  by  the  sequence  of  reactions  shown  from  diethyl  azodicarboxylate  and 
cyclopentadiene.   Catalytic  hydrogenation  and  saponification  of  (VII)  gives  the  hydrazo 
compound  (VIII) ,  which  on  oxidation  with  mercuric  oxide  or  cuprous  chloride  in  air  gives 
the  desired  azo  compound  (IX).   Criegee  and  Rimmelin  (23)  decomposed  the  bicyclic  azo 
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compound  (IX)  to  obtain  an  almost  quantitative  yield  of  bicyclo( 2,1,0) -pentane  (X) , 
which  was  the  first  example  of  a  fused  three-  and  four-membered  ring.   Cohen  et  al. 
(24,  25)  have  studied  the  kinetics  of  the  decomposition  of  (IX)  and  its  less  strained 
homolog  2,3-diazabicyclo-(2.2.2) -2-octene  (XI).   The  products  of  the  thermal  decompose 
tion  of  XI  are  biallyl  (XIII)  and  nitrogen.   Bicyclo(2.2.0) -hexane  (XII)  may  also  have 


160C 


+  No  •» 


X 


IX 


239_ 


+  N 


XI  XII  XIII 

been  formed  as  an  intermediate  but  it  is  rapidly  converted  to  biallyl  at  230°  (26) . 
The  absorption  peaks  at  341.5  mu,  €  =  420  of  IX  and  at  378  mu,  e  =  187  of  XI  were 
used  to  follow  the  kinetics  of  decomposition.   This  vapor  phase  decomposition  gives 
linear  first-order  kinetics.   There  were  no  discernible  effects  due  to  variations  in 
concentration,  solvent,  pressure,  or  surface  area.   Bicyclic  azo  compound  IX  decomposes 
some  400  times  faster  than  XI  at  250°.   This  is  mainly  due  to  the  difference  of  7*3 
kcal./mole  in  activation  energy  and  reflects  the  more  highly  strained  nature  of  the 
cis -azo  linkage  in  IX.  The  entropies  of  activation  of  IX  and  XI  are  high  enough, 
8.7  and  10.5  e.u.  respectively,  to  suggest  that  two  bonds  are  breaking  simultaneously 
in  the  transition  state,  leading  initially  to  two  fragments,  a  diradical  and  nitrogen, 
instead  of  going  through  a  four-center  type  transition  state  in  which  the  new  carbon- 
carbon  bond  is  formed  simultaneously  with  the  rupture  of  two  carbon-nitrogen  bonds.   In 
acyclic  azo  compounds,  decomposition  initially  leads  to  three  fragments,  two  radicals 
and  nitrogen,  and,  consequently,  the  entropies  are  higher  (approximately  11-15  e.u.) 
(25).   The  mono-cyclic  analog  of  IX,  3 ^6 -dimethyl -A' -tetrahydropyridazine,  has  been 
prepared  but  tautomerizes  so  rapidly  to  its  A2-isomer  that  kinetics  have  not  been 
reported  ( 25 ,  27) . 

Diazaquinones .  --  Kealy  (28)  has  proposed  the  name  diazaquinone  to  describe 
cyclic  systems  containing  the  diacyl  diimide  grouping  as  in  compound  (XIV) .   1,4- 
Fhthalazinedione  (XVI)  has  been  prepared  by  the  lead  acetate  oxidation  of  phthal- 
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hydrazide  (XV)  in  acetonitrile  (29,  30),  or  by  the  oxidation  of  the  potassium  salt  of 
phthalhydrazide  (XVII)  with  t -butyl  hypochlorite  in  acetone  (28).   Diazaquinones  are 
very  unstable  compounds,  decomposing  at  room  temperature  with  elimination  of  nitrogen 
and  are  readily  attacked  by  water.   The  pyrolysis  (5)  and  hydrolysis  of  3,6-pyridazine- 
dione  (XVIII)  proceeds  as  shown  by  the  following  equations.   The  most  remarkable  property 
of  diazaquinones  is  their  extraordinary  reactivity  as  dienophiles  in  Diels -Alder  reactions 
Diazaquinones  react  rapidly  with  dienes  at  -77°.   Dienes  used  include  butadiene, 
cyclopentadiene,  anthracene,  and  others. 
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6-,  "]-,   and  8-Membered  Ring  Azo  Compounds .  --  6-Membered  ring  azo  compounds, 
3,4,5,6-tetrahydropyridazines,  are  very  unstable .   This  instability  has  been  attri- 
buted to  the  required  cis -configuration  of  the  azo  linkage  in  the  6-membered  ring  (31) , 
and  to  the  large  stability  of  its  decomposition  products,  i.e . ,  nitrogen  and  two  mole- 
cules of  olefin  formed  via  either  a  biradical  or  molecular  mechanism  (32) .   There 
have  been  two  general  methods  used  to  prepare  3>^>5>6-tetrahydropyridazines :  a)   The 
Diels -Alder  reaction  of  substituted  dienes  with  diethyl  azodicarboxylate,  hydrogenation 
of  the  adduct,  saponification  of  the  carbethoxy  groups,  decarboxylation  to  the  hexa- 
hydropyridazine ,  and  mercuric  oxide  oxidation  to  the  corresponding  A' -tetrahydropyrida- 
zine  (25,  32) .  b)   The  reaction  of  7-diketcnes  with  hydrazine  to  give  the  azine, 
hydrogenation  to  the  hexahydropyr id azine,  and  oxidation  to  the  azo  compound  (27, 
31) .  This  same  reaction  with  5-  and  e-diketones  gives  the  corresponding  7-  and  8- 
membered  ring  azo  compounds  (33,  3^) • 

Overberger,  et  al.  (31),  have  prepared  3,6-dicyano-3,6-dimethyl-4,5-tetra- 
hydropyridazine  (XIX) ,  the  unstable  cyclic  azo  analog  of  azo-bis-isobutyronitrile 
(MBIT)  ,  which  immediately  loses  nitrogen  quantitatively  to  give  trans -1,2-dimethyl- 
1,2-dicyanocyclobutane  (XX)  (50$),  and  methacrylonitrile  (XXI)  (3Cf?°)    presumably  by 
way  of  a  1,^ -biradical  via  the  azo  compound  as  shown  below. 
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A  new  general  method  of  preparing  arylcyclobutanes  involves  the  decomposition  of 
the  3-aryl-A2-tetrahydropyridazines  (XXII)  formed  by  the  following  reaction  (35)  . 
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Treatment  of  compounds  of  the  type  XXII  with  potassium  hydroxide  and  catalytic  amounts 
of  platinum  oxide  at  200-250°  results  in  arylcyclobutanes,  arylethylenes,  ethylene, 
and  nitrogen,  presumably  by  way  of  the  azo  compound  and  biradical.   Various  aryl 
groups  studied  include  £-,  m-  and  p_-  tolyl,  m,  and  p-anisyl,  p-biphenylyl,  and  others 

(56,  37). 

The  thermal  decomposition  of  3,6-diphenyl-3,^-,5>6-'tetrahydropyridazine  (XXIII) 
(32),  3,7-diphenyl-l,2-diaza-l-cycloheptene  (XXIV)  (33),  and  3,8-diphenyl-l,2-diaza- 
1-cyclooctene  (XXV)  (3*0  in  hydrocarbon  solvents  have  been  studied.   These  decomposi- 
tions give  the  following  products . 
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The  relative  rates  of  decomposition  of  XXIII  :  XXIV  :  XXV  at  80°  are  l.T  x  104  :  1.2  x 
104  :  1,  respectively.   Therefore,  the  8-membered  ring  is  extremely  stable;  in  fact, 
it  decomposes  only  l/l80  as  fast  as  the  similar  trans  acyclic  azo  compound  1-azo-bis- 
1-phenylethane.   Overberger  (38)  has  postulated  that  this  stability  is  due  to  the 
fact  that  there  is  no  resonance  assistance  as  the  carbon-nitrogen  bond  is  stretched 
in  the  transition  state  because  the  phenyl  group  cannot  become  coplanar  with  the 
benzyl  carbon. 
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No  9-membered  ring  or  larger  azo  compounds  with  a  single  azo  linkage  have  been 
reported.  Attempts  of  Overberger  and  coworkers  (40,  39)  "to  prepare  these  compounds 
have  lead  to  large  ring,  dimeric  azo  compounds  possessing  two  azo  linkages,  polymers, 
and  other  compounds. 

Large  Ring  Azo  Compounds.  --  Overberger,  et  al. ,  (kO,  kl)    have  prepared  20-, 
24-  and  28-membered  ring  azo  compounds  of  the  type  XXVI  by  the  reaction  sequence  shown 
below.   These  rings  are  large  enough  to  allow  the  trans  azo  configuration  without 
any  strain,  as  is  confirmed  by  their  spectra  and  kinetic  data.   The  cyclic  azo 
compounds  (XXVI)  have  an  ultraviolet  absorption  at  J>60   mu.,  €  =  105.   The  trans 
acyclic  counterparts  of  XXVI  have  ultraviolet  absorptions  at  the  same  place,  within 
experimental  error,  and  e-values  approximately  half  that  of  compounds  (XXVI)  due  to 
the  presence  of  two  azo  linkages  in  the  latter.   The  rates  of  decomposition  of  these 
large  ring  azo  compounds  at  110°  are  very  similar  to  that  of  the  trans  acyclic  azo 
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compound,  1-azo-bis-l-phenylpropane.   The  products  of  the  decomposition  of  the  20-, 
2k-   and  28-membered  ring  azo  compounds  are  the  corresponding  l6-(60$)  ,  20-(72$)  ,  and 
24 -(84$)  membered  ring  hydrocarbons  XXVII.   The  2k -membered  ring  azo  compound  (XXV lb) 
was  found  to  be  a  very  inefficient  initiator  of  the  polymerization  of  styrene. 

Miscellaneous  Azo  Compounds.  --  Wittig  and  Hoffman  (42)  have  found  the  nitrous 
acid  diazotization  of  the  sodium  salt  of  o-aminosulfinic  acid  to  give  the  cyclic  azo 
compound,  2,3-benzo-l-thia-4,5-diazacyclopenta-2,4-diene-l-dioxide  (XXX) .   The  proof 
of  the  cyclic  structure  (XXX)  over  the  zwitterionic  structure (XXIX)  (benzenediazonium- 
2-carboxylate  exists  in  its  zwitterionic  structure)  was  determined  by  the  considerations 
that  XXX  is  soluble  in  ether,  benzene,  and  chloroform  but  insoluble  in  water,  and  that 
its  infrared  spectrum  does  not  have  a  band  in  the  2300  cm.  x   region  (aromatic  diazonium 
group) .   Compound  XXX  decomposes  rapidly  above  0°,  and  explodes  between  40  and  60°. 
In  solution  it  gives  off  nitrogen  and  sulfur  dioxide  at  about  10°,  yielding  the  products 
expected  from  the  benzyne  intermediate  (XXXI) .   Thus,  in  tetrahydrofuran  XXX  reacts 
with  anthracene  to  give  trypticene  (XXXII)  in  21$  yield,  and  with  phenyl  azide  to 
give  1-phenylbenztriazolein  47$  yield.   The  related  compound  XXVIII  is  very  stable, 
decomposing  only  at  700°  to  give  biphenylenesulfone  (10$)  and  only  a  trace  of 
biphenylene  (43)  . 
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Summary .  --  The  reactivities  of  cyclic  azo  compounds  vary  from  the  very  reactive 
diazaquinones  and  6-membered  ring  azo  compounds  to  the  very  stable  large  membered  ring 
azo  compounds,  8-membered  ring  azo  compounds  and  bicyclic  azo  compounds.   The  list  of 
the  first-order  rate  constants  for  the  thermal  decomposition  of  some  cyclic  azo  com- 
pounds in  TABLE  II  extrapolated  to  80°  illustrates  their  varied  stabilities. 

TABLE  II 


KINETIC  AND  SPECTRAL  DATA  FOR  AZO  COMPOUNDS 


Compound 

Ring  Size 

Diazirine 

(3) 

IX 

(5,6) 

XI 

(6,6) 

XXIII 

(6) 

XXIV 

(7) 

XXV 

(8) 

XXVIa 

(20) 

XXVIb 

(2k) 

XXVI  c 

(28) 

Et 

(0-CH-N=)2 

((CH3)2CH-N=)2 

kj.  (80°,  sec."1) 

8.0  x  10"9 

6.4  x  10"13 

6.1  x  10"4 
k.3  x  io~4 

3.5  x  10~8 

1.6  x  10"6 
1.6  x  10"6 

2.0  x  10"s 

1.9  10"6 
2.9  10"12 


308 

34l 
378 

387 
390 
368 

359 
360 
360 

359 

355 


176 

420 
187 

775 

127 

105 
115 

112 

^7 
18 


The  azo  linkage  in  the  large  membered  ring  azo  compounds  is  believed  to  be  trans 
because  their  ultraviolet  absorptions,  as  shown  in  TABLE  II,  come  at  nearly  the  same 
wavelengths  as  those  of  known  trans  acyclic  azo  compounds.   No  other  trend  in  the 
ultraviolet  data  of  TABLE  II  is  obvious. 


1. 

2. 

3. 

4. 

5- 

6. 

7. 
8. 


BIBLIOGRAPHY 

H.  Zollinger,  "Azo  and  Diazo  Chemistry,  Aliphatic  and  Aromatic  Compounds," 

Interscience  Publishers,  New  York,  N.  Y.  ,  I96I,  p.  42. 

E.  Schmitz  and  R.  Ohme,  Ber.,  94,  2l66  (I96I) . 

S.  R.  Paulsen,  Angew.  Chem. ,  72,  781  (i960) . 

S.  R.  Paulsen  and  G.  Huck,  Ber.,  94,  968  (1961) . 

E.  Schmitz  and  R.  Ohme,  Ber.,  95,  795  (1962) . 

E.  Schmitz  and  R.  Ohme,  Tetrahedron  Letters,  6l2  (1961) . 

W.  H.  Graham,  J.  Am.  Chem.  Soc,  84,  IO63  (1962)  . 

L.  J.  Bellamy,  "The  Infra-red  Spectra  of  Complex  Molecules 


John  Wiley  and  Sons,  New  York,  N.  Y. ,  1958. 


2nd  Edition, 


9.   L.  Pierce  and  V.  Dobyns,  J.  Am.  Chem.  Soc,  84,  2651  (1962)  . 


-  48  - 

10.  H.  Mo  Frey  and  I.  D.  R.  Stevens,  Proc  Chem.  Soc,  79  (1962)  . 

11.  T.  L.  Jacobs  in  R.  C.  Elderfield,  "Heterocyclic  Compounds/'  Vol.  5,  J.  Wiley, 
New  York,  N.  Y. ,  1957.  p.  ^5- 

12.  To  V.  Van  Auken,  M.  I.  T.  Organic  Seminar  Abstract,  Spring,  1962,  p.  2.53. 

13.  D.  Wedegaertner,  U.  of  Illinois  Organic  Seminar  Abstract,  Summer  i960,  p.  1. 

14.  K.  von  Auwers  and  F.  Konig,  Liebigs  Ann.  Chem.,  496,  252  (1932). 

15.  W.  M.  Jones  and  W.  Ten-Tai,  J.  Org.  Chem.,  27,  1030  (1962) . 

16.  K.  L.  Rinehart  and  T.  V.  van  Auken,  J.  Am.  Chem.  Soc,  82,  5251  (i960)  . 

17.  W.  E.  Parham,  C.  Serres  and  P.  R.  O'Connor,  J.  Am.  Chem.  Soc,  80,  587  (1958)  . 

18.  W.  E.  Parham,  H,  G.  Braxton  and  P.  R.  O'Connor,  J.  Org.  Chem.  ,  25,  1805  (1961) . 

19.  T.  V.  Van  Auken  and  K.  L.  Rinehart,  J.  Am.  Chem.  Soc,  84,  3736^(1962). 

20.  C.  G.  Overberger  and  J.  P.  Anselme,  J.  Am.  Chem.  Soc,  W,   870  (1962)  . 

21.  J.  Bastus  and  J.  Castells,  Proc  Chem.  Soc,  2l6  (1962)  . 

22.  0.  Diels,  J.  H.  Blom  and  W.  Koll,  Liebigs  Ann.  Chem.,  44_3,  242  (1925). 

23.  R.  Criegee  and  A.  Rimmelin,  Ber.,  £0,  4l4  (1957). 

24.  S.  G.  Cohen,  R.  Zand  and  C.  Steel,  J.  Am.  Chem.  Soc,  83,  2895  (1961)  . 

25.  S.  G.  Cohen  and  R.  Zand,  J.  Am.  Chem.  Soc,  84,  586  (1952)  . 

26.  S.  Cremer  and  R.  Srinivasan,  Tetrahedron  Letters,  No.  21,  24  (i960) . 

27.  C.  G.  Overberger,  N.  R.  Byrd  and  R.  B.  Mesrabian,  J,  Am.  Chem.  Soc,  78,  1961 
(1956). 

28.  T.  J.  Kealy,  J.  Am.  Chem.  Soc,  84,  966  (1962)  . 

29.  R.  A.  Clement,  J.  Org.  Chem.,  25,  1724  (i960) . 

30.  R.  A.  Clement,  J.  Org.  Chem.,  27,  1115  (1962). 

31o   C.  G.  Overberger,  G.  Kesslin  and  N.  R.  Byrd,  J.  Org.  Chem.,  27,  1568  (1962) . 

32.  C.  H.  Wang,  S.  H.  Hsiao,  E.  Saklad  and  S.  G.  Cohen,  J.  Am.  Chem.  Soc,  79,  4400 

(1957). 

33.  C.  G.  Overberger  and  J.  G.  Lombardino,  J.  Am.  Chem.  Soc,  80,  2317  (1958)  . 

34.  C.  G.  Overberger  and  I  Tashlich,  J.  Am.  Chem.  Soc,  8l,  217  (1959). 

35.  Y.  S.  Shabarov,  N.  Vasil'ev,  N.  K.  Mamaeva,  and  R.  Y.  Levina,  Doklady  Akad .  Nauk, 
S.S.SoR.,  135,  879  (i960). 

36.  R.  Y.  Levina,  Y.  S.  Shabarov,  M.  G.  Kuz'min,  N.  Vasil'ev,  S.  I.  Popraka  and  E.  G. 
Treshchova,  Zhur.  Obshchie  Khim. ,  29,  354l  (1959). 

37.  R.  Y.  Levina,  Y.  S.  Shabarov,  M.  G.  Kuz'min,  N.  Vasil'ev  and  E.  G.  Treshchova, 
Doklady  Akad.  Nauk.,  121,  303  (1958) . 

38.  C.  G.  Overberger,  Record  Chem.  Progress,  21,  21  (i960) . 

39-   C.  G.  Overberger  and  J.  H.  Hall,  J.  Org.  Chem.,  26,  4359  (1961). 

40.  C.  G.  Overberger  and  M.  Lapkin,  J.  Am.  Chem.  Soc,  77,  4651  (1955). 

41.  C.  G.  Overberger,  I.  Tashlich,  M.  Bernstein  and  R.  H.  Hiskey,  J,  Am.  Chem.  Soc, 
80,  6556  (1958)  . 

42.  G.  Wittig  and  R.  W.  Hoffman,  Angew.  Chem.,  73,  435  (196l). 

43.  G.  Wittig  and  J.  F.  Ebel,  Liebigs  Ann.  Chem.,  65O,  21  (1961). 


THE  MECHANISM  OF  THE  BENZIDINE  REARRANGEMENT 


Reported  by  Richard  A.  Laursen 


November  5, 


1962 


For  many  years  the  mechanism  of  the  benzidine  rearrangement  has  been  a  topic  of  con- 
siderable study  and  debate.   The  early  literature  has  been  surveyed  in  an  extensive  review 
by  Jacobson'l),  while  later  work  has  been  treated  by  Robinson(2),  Ingold  and  Kughes(3), 
Dewar'4,5),  and  Vecera(6).   Despite,  or  perhaps  because  of,  the  wealth  of  experimental 
information  that  has  been  gathered,  no  universally  accepted  mechanism  has  been  proposed. 
The  problem  is  complicated  by  inconsistencies  in  the  literature  and  the  large  number  of 
observations  which  must  be  explained. 

In  this  seminar  the  experimental  data  will  be  presented  and  then  discussed  with  regard 
to  mechanism. 

PRODUCT  STUDIES 

Types  of  Products.  — The  rearrangement  of  hydrazobenzene( I)  and  its  derivatives  can  lead 
to  the  formation  of  several  types  of  products:  benzidine(ll) ,  diphenyline(lll) ,  o-semidine 
(IV),  p-semidine(V),  o-benzidine(Vl) ,  and  the  products  of  disproportionation — aniline 
(VII)  and  azobenzene(VIIl). 
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Under  ordinary  conditions — in  aqueous  or  alcoholic  mineral  acid — hydrazobenzene  itself 
is  converted  to  benzidine  (ca.  70$)  and  diphenyline  (ca.  30$)  only  (7),  though  Vecefa, 
Petranek,  and  Gasparic  (8,9/7  using  sensitive  chromatographic  techniques  have  reported 
finding  traces  of  ^-benzidine  and  the  semidines. 

Substituent  Effects.  — The  position  and  nature  of  substituents  affect  the  nature  of  the 
rearrangement  products.   In  Jacobson's  (l)  tables,  a  general  pattern  is  observed.  Substi- 
tution of  one  or  both  of  the  ortho  positions  or  of  the  meta  positions  tends  to  increase 
the  amount  of  benzidine  formed  and  to  reduce  the  diphenyline.   The  size  of  the  substi- 
tuents seems  to  be  important.   Carlin  et  al . (10-13)*  in  a  study  of  the  rearrangement  of 
3>3S5>5'-tetrasubstituted  hydrazobenzenes,  found  that  the  benzidine  /diphenyline  and 
benzidine/o-benzidine  ratios  increased  tenfold  on  going  from  tetramethyl-  to  tetrabromo- 
to  tetrachloro-  to  tetrafluorohydrazobenzene. 

Substituents  at  the  para  position  exert  the  most  profound  effect.   The  substituent  may 
either  be  ejected  to  form  a  benzidine,  as  is  often  the  case  with  carboxyl  and  sulfonic 
acid  groups  and,  to  a  lesser  extent,  with  halogens,  acetates,  and  alkoxy  groups,  or  cause 
the  formation  of  a  diphenyline  or  semidine.   The  products  of  rearrangement  of  hydrazo- 
benzenes can  usually  be  predicted  from  the  following  rules  (3,4): 

1)  The  preferred  order  of  products  is  benzidines)>diphenylines)>semidines)>o-benzidines. 

2)  Diphenyline;  is  formed  only  if  the  para  position  in  the  more  basic  ring  A  is  free. 

3)  In  a  semidine,  ring  A  or  the  ring  bearing  the  substituent  carries  the  free  amino 
group. 

Hydrazonaphthalenes  are  anomalous  in  that  they  give  large  amounts  of  o-benzidines  and 
often  the  corresponding  benzocarbazoles,  which  may  or  may  not  arise  from  the  o-benzidines 
(1^,15).   For  example,  1,1'  -hydrazonaphthalene(lX)  rearranges  to  naphthidine  fx,  64$),''di- 
naphthyline  (XI,  17?) ,  and  1,2: 7,8-dibenzocarbazole  (XII,  17$), (l6). 
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Deuteration  of  the  2-  and  2 '-positions  of  1,1' -hydrazonaphthalene(ix)  has  the  rather 
surprising  effect  of  increasing  the  amount  of  carbazole  (XII,  30$)  at  the  expense  of 
only  the  o-benzidine, (XI, 6.  5$)j  deuteration  of  the  ^-positions  causes  no  change  in  the 
product  distribution^ l6) .   There  is  no  change  in  product  distribution  when  hydrazo- 
benzene  deuterated  in  the  2-  or  4-positions  is  rearranged ( 17) . 

The  development  of  more  sensitive  analybical  techniques  in  recent  years  has  made  possible 
detailed  product  studies  of  other  substituted  hydrazobenzenes.   Carlin  and  co-workers  have 
studied  the  products  or  rearrangement  of  2,2! -dimethyl- (lS) ,3,3' -dimethyl- (19) ,  and  k,kl - 
dimethylhydrazobenzenes  '20) ;    Vecera,  et  al.  ,  have  investigated  those  of  various  chloro- 
hydrazobenzenes  ^21)  and  of  substituted  hydrazobenzenes  rearranged  in  the  solid  state 
(22,  23).   In  the  hydrazonaphthalene  series,  the  products  arising  from  1,1' -hydrazonaph- 
thalene'l4,2*i-,25),  1,2'  -hydrazonaphthalene( 25-27) ,  2,2' -hydrazonaphthalene  (15,2*1,28), 
N-phenyl-N'  -(1-naphthyl)  -hydrazine(29) ,  and  N-phenyl-N '  -(2-naphthyl)  -hydrazine ( 15, 30) 
have  been  studied. 

Solvent  Effects.  --Solvent  has  a  large  effect  on  the  product  ratio,  in  contrast  to 
acidity,  ionic  strength,  and  temperature  (l4,3l).   In  the  case  of  hydrazobenzene, 
decreasing  the  polarity  of  the  solvent  results  in  a  decrease  in  benzidine  and  an  increase 
in  diphenyline  and  other  products  (Table  l)  (32,  33)* 

TAELE  1 
THE  EFFECT  OF  SOLVENT  ON  THE  REARRANGEMENT  OF  HYDRAZOBENZENE 

Products* 
Temp.  Benz-  DIphen-  c--Benz-  ]>-Sem-  £-Sem-  Anil-  Azobenz-  Refer - 

Solvent        (°C)    Acid   idine  yline  idine   Idine   idine    ine    ene      ence 


Hone 

25? 

dry  HC1 

23 

30 

25 

2.1 

20 

traces 

8,35 

Toluene 

-20 

HC1 

36.6 

k-2.  5 

7.1 

-- 

J 

— 

3* 

Ether 

-10 

HC1 

53 

2k.  1 

7-2 

-- 

7.0 

0.  h       0. 

k 

35 

Dioxane 

20 

HC1 

66.9 

29.  k 

— 

-- 

-- 

6.1 

32 

Ethanol 

20 

HC1 

75.2 

22.7 

-- 

-- 

— 

3.0 

32 

Ethanol - 

Water(ltl) 

20 

HC1 

76.8 

19.3 

__ 

-_ 

-- 

2.9 

32 

Water 

20 

HC1 

84.9 

11.  h 

__ 

-- 

-- 

2.k 

32 

Sulfuric  acid- 

Water  (2:  l) 

85 

H2S04 

78.6 

10.5 

0 

— 

— 

2.7    2. 

7 

10,11 

Ethanol 

150 

none 

-- 

__ 

__ 

— 

__ 

75 

37 

"^Percentages. 

Blanks 

indicate 

products  were 

not  detected 

or  were 

not  reported. 

Crossover  Studies.  --Although  Jacobson(l)  observed  that  when  unsymmetrical  hydrazo- 
benzenes were  rearranged  only  unsymmetrical  benzidines  were  obtained,  Ingold  and  Kidd(38) 
were  the  first  to  demonstrate  the  intramolecularity  of  the  rearrangement.   They  rearranged 
2,2t-dimethoxy-  and  2,2' -diethoxyhydrazobenzene  together  and  showed  that  none  of  the 
possible  crossover  product,  3-ethoxy-3! -methoxybenzidine,  was  formed.   Later,  Wheland  and 
Schwartz(39)  rearranged  2 -methyl-1 4C-2' -ethoxyhydrazobenzene  and  added  non-radioactive 
o-tolidine  to  the  reaction  mixture.   The  recovered  o_-tolidine  was  not  radioactive, 
indicating  that  no  crossover  had  occurred.   In  a  second  experiment,  in  which  2 -methyl - 
14C-hydrazobenzene  and  2,2' -dime thylhydrazobenzene  were  rearranged  together  (*+0),  only 
unlabeled  o-tolidine  was  recovered. 

The  intramolecularity  of  the  benzidine  rearrangement  has  also  been  confirmed  in  experi- 
ments by  Bloink  and  Pausacker  (4l),  Banthorpe(42) ,  and  Shine,  Huang  and  Snell(l5). 

Benzidine-like  Rearrangements.  --Rearrangements  of  the  type  under  discussion  appear  not 
to  be  limited  to  aryl  hydrazobenzenes.   Miller (51)  has  reported  the  rearrangement  of  k- 
aminoaryl-2,5-cyclohexadieneones  to  4-arainodiphenyl  ethers,  and  Beyer  and  co-workers 
observed  rearrangements  with  phenylhydrazino  pyridines (52) ,  thiazoles(53) ,  and  imidazoles 
(5*t-)«   Ifesmeyanov,  et  al.  (55),  have  tried  unsuccesfully  to  rearrange  hydrazoferrocene, 
and  Shine  and  Bear  (56)  have  reported  the  rearrangement  of  aromatic  disulfides. 

KINETICS 

Order.  --An  early  report  by   Van  Loon  (kj)   that  the  benzidine  rearrangement  followed  a 
third  order  rate  law  (Eq.  1),  first  order  in  hydrazobenzene  and  second  order  in  acid,  has 
been  confirmed  by  Hammond  and  Shine  (hk)   and  by  Carlin,  Nelb,  and  0dioso(7). 

Rate  =  k"(Hz)(H+)2  Eq.  1 
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Hammond  and  Sliine  measured  the  rate  of  disappearance  of  hydrazobenzene  using  Dewar' s(V?) 
method,  which  involves  oxidation  of  the  hydrazo  compound  with  the  dye,  Bindschelder ' s 
green,  and  titration  of  the  dye  with  titanous  chloride.   Carlin,  Nelb,  and  Odioso  used 
a  spectrophotometric  method  that  allowed  them  to  determine  the  rate  of  formation  of 
products  as  well  as  the  rate  of  disappearance  of  hydrazobenzene.   They  found  that  the 
rates  of  formation  of  benzidine  and  diphenyline  follow  the  same  third  order  rate  law. 

Later,  however,  while  studying  the  rearrangement  of  2,2' -dime thylhydrazobenzene,  Carlin 
and  0dioso(l8)  found  that  this  rate  was  of  order  1.6  in  acid.   This  discovery  prompted 
Banthorpe,  Hughes,  and  Ingold  'lk)   to  look  for  other  examples  of  fractional  order  acid 
catalysis.   By  varying  the  acid  over  wide  ranges  of  concentration,  using  buffers  at  very 
low  concentrations,  they  showed  that  the  rearrangements  of  1,1' -and  1,2' -hydrazonaphthalene 
are  first  order  in  acid(l4,  2o)  (Eq.  2),  while  2,2' -hydrazonaphthalene (28) ,  N-(l-naphthyl)- 


Rate  -  k'(Hz)(H+) 


Eq.  2 


and  K-(2-naphthyl)-N'-phenylhydrazine  (29,  30) >   and  £-hydrazotoluene(46)  have  intermediate 
orders,  approaching  one  at  low  acid  concentrations,  and  two  at  high  concentrations.   On 
the  basis  of  these  findings,  they  suggested  that  the  rearrangement  follows  neither 
equation  1  nor  2,  but  a  more  complex  rate  law  (Eq.  3)  >  similar  to  that  proposed  earlier  by 
Blackadder  and  Hinshelwood(47)  to  explain  fractional  order  catalysis. 


Rate  =     (Hz)[k>  (H+)+k"(H+)2] 


Eq.  3 


Fractional  order  catalysis  has  also  been  observed  in  the  rearrangement  of  N -methyl - 
bydrazobenzene(48)  and  ^-methyl-4' -chloro-  and  4-t>-butyl-4!  -chlorohydrazobenzene  (^9). 
The  rearrangement  of  j£-hydrazotoluene  to  a  semidine  has  been  shown  to  be  second  order  with 
respect  to  acid  and  first  order  with  respect  to  hydrazo  compound  (50). 

Substituent  Ef  f  ects^—Tne  rates  of  rearrangement  of  a  few  substituted  hydrazobenzenes  have 
been  measured  and  their  energies  (E  )  and  entropies  (AS*)  of  activation  have  been  calcu- 
lated by  standard  methods  (31).   Unfortunately,  relatively  few  comparative  studies( Table  2) 
have  been  made,  so  it  is  not  yet  possible  to  make  generalizations.   The  data  in  Table  2 
are  from  different  studies  performed  under  different  conditions.   Solvent,  temperature, 
ionic  strength,  etc.  all  influence  the  ratej  therefore,  valid  comparisons  can  be  made  only 
within  an  individual  study. 

TABLE  2 
RATES  OF  REARRANGEMENT  OF  SUBSTITUTED  HYDRAZOBENZENES 

kaxlO3 


Hydraz  obe  nzene 

Hydrazobenzene 

2-Methoxy- 

2-Ethoxy- 

2,2»,3,3,-Tetramethyl- 

3,3' -Dimethyl - 

2, 2 '-Dimethyl - 

3, 3 '  -Dimethoxy- 

3,3?~Dlchloro- 

4-Chlaro- 

4,4*-Dichloro- 

Hydrazobenzene 

Hydrazobenzene 

2,2'°Dimethoxy- 

3*3'  -Dimethoxy- 

4,M-Dimethyl- 

Hydrazobenzene 

k,  4'  -Dimethyl  - 

3,38  -Dimethyl - 

2,2' -Dimethyl - 

*)  k3  -  ki/(H  )2 


Temp 


8C$  EtOH  20 


I2SL 


o 


EtOH 

0.0 

75#   EtOH 

8o/o  EtOH 

75$  EtOH 

1! 

EtOH 

0-25 

95$  EtOH 

0-20 

n 

15-35 

ii 

0-25 

(sec~i) 

£63 

67i| 

790 
825 
53.6 

39-7 
14.1 

•  0332 
2.66 

•  59 
2.71 

.0355 
.  01*57 
.0682 
.  0*0.0 


PZ 
k.  OxlO12 
6.  taclO-7 
1.  3xl07 
6.  8xl012 
8.  5X1012 
3.  lxlO13 
6.  5xl013 


2.  8xl01:L 

2.  lxlO7 
7. 2xl05 

3.  lxlO11 
1.  3xl05 


AS* 

(e.u.) 

Ref. 

-2.8 

31 

-25 

it 

-19 

it 

-1.7 

it 

-1-3 

11 

1-3 

it 

2.8 

tt 

-10.3 

21 

-3.9 

it 

2.k 

it 

h3 


2 
S. 


2.9 
-  .62 


7 
20 

19 
18 


About  the  only  generalization  that  can  be  made  is  that  all  hydrazo  compounds  have  about 
the  same  activation  energy(ca.  20  Kcal)  except  the  2-alkoxyhydrazobenzenes,  which  have 
lower  energies  (ca.  12  KcalJT 
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Substrate  Isotope  Effects.  —In  order  to  determine  whether  removal  of  the  proton  from  the 
para-"' position  of  hydrazobenzene  was  involved  in  the  rate  determining  step,  Hammond  and 
Grandemeier  (57)  measured  the  rates  of  rearrangement  of  hydrazobenzene  and  4,4'  -dideutero:- 
hydrazobenzene.   They  found  no  significant  isotope  effect,  and  concluded  that  fission  of 
the  para  C-H  bond  was  not  involved  in  the  transition  state.   Recently,  Banthorpe  and 
HughesTl7)  have  confirmed  Hammond  and  Grundemeier ' s  findings  and  have  shown  further  that 
deuteration  of  the  ortho  and  meta  positions  also  produces  no  isotope  effect.   Similarly, 
no  isotope  effect  is  observed  in  the  rearrangement  of  2,2'-  or  4,4' -dideutero-1,1' -hydra - 

zonaphthalene ( l6) . 

Effect  of  Solvent  ori  Rate.  —It  has  been  shown  by  many  workers  that  the  polarity  of  the 
solventThas "a  considerable  effect  on  rate.   Croce  and  Gettler  (31)  studied  the  rearrange- 
ment of  hydrazobenzene  in  ethanol -water  mixtures  and  found  that  the  rate  increased  with 
increasing  dielectric  constant,  i.  e. ,  with  higher  proportions  of  water.   But  Vecera,  Synek, 
and  Sterba(32),  studying  the  full  range  of  ethanol -water  and  dioxane-water  mixtures,  found 
that  this  was  only  true  to  an  extent,  and  that  when  the  water  concentration  became  very 
low,  the  rate  again  increased.   These  rates  correlate  with  the  Hammett  acidity  function  H0 
(50,  ^3),  and  if  H0  and  rate  of  benzidine  rearrangement  are  plotted  against  mole  percent 
of  water,  similar  curves  are  obtained.   Banthorpe,  Hughes,  and  Ingold  (1*0  studied  the 
rate  of  rearrangement  of  1,1' -hydrazonaphthalene  in  several  solvents  and  found  the  rates 
to  be:  IO0/0  ethanol>95#acetonitrile>95$ethanol>95#  2-ethoxyethanol>95$  acetone>4($  dioxane 
>YO$  dioxane  (with  percentages  expressed  as  proportion,  by  volume,  of  organic  component 
in  water).   In  anhydrous  ether,  dioxane,  acetone,  and  acetonitrile  the  rate  was  too  fast 
to  be  measured.   On  addition  of  dry  hydrogen  chloride,  the  products  precipitated  immediate- 
ly, even  at  =50°.  This  behavior  has  also  been  observed  by  Lukashevieh  and  others (27,^6)° 

Shine(58)  and  Shine  and  Trisler  (59)  nave  shown  that  in  the  so-called  "thermal" 
rearrangement  of  hydrazonaphthalenes  in  the  absence  of  added  catalysts,  the  solvent  itself 
acts  as  a  catalyst.  Rates  are  faster  in  polar  solvents  such  as  ethanol,  the  order  being 
methanols-propyl  alehol>ethanol>  ethanol -d>isopropyl  alcohol>t-butyl  ale ohol>ace tone 
>dioxane>pyridine>tetrahydrofuran.  The  entropies  of  activation  (Table  3)  suggest  that 
in  polar  solvents  there  is  a  loss  of  freedom  of  movement  in  the  transition  state,  and 
that  a  rigid  transition  state  is  more  favorable  for  reaction.   In  ethanol,  this  rigidity 
may  be  due  to  hydrogen  bonding  with  the  hydrazo  nitrogen  atoms. 

Solvent  Isotope  Ef feet. - -The  substitution 
of  deuterium  oxide  for  water  results  in  an 
increase  in  the  rate  of  rearrangement. 
Bunton,  Ingold,  and  Mhala(50)  found  that  in 
dioxane-water  (60:4o)  the  rate  of  rearrange- 
ment  of  hydrazobenzene  increased  by  a  factor 
of  4.1.  In  later  work  (14,30,46)  it  was 
shown  that  there  was  a  rate  increase  of  about 
■3. 0=2. 3  for  each  proton  involved  in  the  rate 


TABLE  3 

ENERGIES  AND  ENTROPIES  OF  ACTIVATION 
FOR  THE  REARRANGEMENT  OF  2,2 '-HYDRAZO- 
NAPHTHALENE AT  80°  IN  DIFFERENT..  SOLVENTS (59) 
Solvent   Ea(  Kcal/mole)   AS*  ( e.  u. ) 
Ethanol      23. 2         -13. 4 
Dioxane      29. 5         -4.6 
Pyridine     30.9         -1.6 


determining  step.  For  example,  hydrazobenzene (second  order  with  respect  to  acid)  has  a 
solvent  isotope  effect  of  4.7*  1,1 '-hydrazonaphthalene  (first  order  with  respect  to  acid) 
has  an  isotope  effect  of  2. 3« 

An  increase  in  rate  in  D20  is  indicative  of  a  pre -equilibrium  between  the  catalyst  and 
the  substrate*  when  the  catalyst  is  hydrogen  ion,  the  increase  is  generally  about  twofold 
(60).  The  conclusion  is  that  all  the  protons  involved  in  the  reaction  are  transferred  to 
the  hydrazo  compound  before  the  transition  state  is  attained. 

Salt  Effect.  —A  positive  salt  effect  has  been  reported  by  many  workers.   Croce  and 
Gettler  (31)  "found  an  ion  charge  product  (Z.Zg>  of  +.94  for  the  rearrangement  of  hydrazo- 
benzene. Likewise,  Carlin  and  Odioso  (l8)  found  a  value  of  about  42  for  the  rearrangement 
of  o-hydrazotoluene,  but  pointed  out  that  some  of  the  assumptions  made  by  them  and  by 
Croce  and  Gettler  make  questionable  the  quantitative  significance  of  the  values.   Salt 
effects  of  comparable  magnitude  have  been  observed  for  the  rearrangement  of  m-hydrazo- 
toluene(l9),  £~hydrazotoluene(20) ,  and  1,1' -hydrazonaphthalene (l4).   This  effect  is 
consistent  with  a  protonated  transition  state  (6la)% 

Nature  of  Catalysis. — There  has  been  disagreement  as  to  whether  the  benzidine 
rearrangement  is  subject  to  specific  acid  catalysis  or  general  acid  catalysis.   Cohen  and 
Hammond  (62)  measured  the  rate  of  rearrangement  in  solutions  of  increasing  buffer  strength 
at  constant  pH  and  ionic  strength,  and  observed  an  increase  in  rate,  which  is  suggestive 
of  general  acid  catalysis  (6lb).  However,  Bunton,  Ingold  and  Mhala  (50)  and  Banthorpe, 
Hughes,  Ingold  and  Roy  (63)  pointed  out  that  the  catalytic  constants  obtained  by  Cohen 
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and  Hammond  do  not  fit  a  Bro'nsted  relation  and  that  they  put  so  much  catalyzing  acid  into 

their  buffer  solutions  as  to  change  the  nature  of  the  solvent.   Ingold  and  co-workers 
further  state  that  their  own  correlations  of  rate  with  H0  are  indicative  of  specific 
acid  catalysis,  at  least  in  the  solvent  systems  employed  in  their  experiments.   Shine 
and  Trisler  (59),   on  the  other  hand,  explain  the  thermal  rearrangement  of  hydrazo- 
naphthalene  in  ethanol  on  the  basis  of  general  acid  catalysis.  Dewar  (45)  and  Hammond 
and  Shine  (44)  also  have  differing  opinions  on  the  subject. 

THE  MECHANISM  OF  THE  BENZIDINE  REARRANGEMENT 

At  this  point  it  might  be  well  to  consider  what  is  required  of  a  mechanism  for  the 
benzidine  rearrangement.   The  mechanism  must  be  intramolecular  and  should  predict  the 
observed  products.   It  should  explain  the  effects  of  solvent  and  ring  substituents  on  rate, 
a  positive  salt  effect,  and  the  solvent  isotope  effect.   On  the  basis  of  the  substrate 
isotope  experiments,  jsara  C-H  bond  breaking  should  not  be  involved  in  the  transition  state. 
Finally,  it  should  explain  fractional  order  catalysis  in  terms  of  a  higher  order  at  higher 
acid  concentrations. 

Proposals. —Early  mechanisms,  subsequently  refuted  by  crossover  studies,  have  been 
discussed  by  Robinson  (2)  and  Hughes  and  Ingold  (3,   6k,   65).   Present  theories  on  the 
rearrangement  are  of  two  types:  the  first,  advanced  primarily  by  Hughes  and  Ingold  and 
by  Hammick  and  Mason,  Involves  a  valency-bond  treatment  of  the  transition  state j  the  secondj 
the  pi-complex  theory  of  Dewar,  is  essentially  a  molecular  orbital  treatment. 

The  Ingold-Hughes  theory  (6k, 66) ,   stemming  from  early  Ideas  of  Ingold  and  Kidd(38) 
and  of  Robinson(2) ,  assumes  that  in  the  transition  state  the  two  aromatic  rings  of  the 
divalent  hydrazobenzene  caption  lie  in  roughly  parallel  planes,  and  that  the  transition 
state  is  partly  covalent,  but  largely  ionic.   Neglecting  stereochemistry,  the  transition 
state  has  been  represented  as  a  hybrid  of  the  covalent  or  "unsplit"  structures  XI I I- XVI I 
and  the  ionic  or  "split"  structures  XVIII  and  XIX. 


XIH     XIV      XV      XVI     XVII      XVIII        XIX 


In  structures  XIII-XVII  the  distances  between  the  ja-  and  pj-  and  the  jo-  and  o1  -carbons  is 
greater  than  4.A- too  great  for  covalent  bond  formation.  However,  Hammick  a,nd  Mason  (67) 
answered  this  objection  by  noting  that  contributions  from  structures  such  as  XVIII,  in 
which  the  nitrogen  on  the  1-carbon  is  bent  out  of  the  plane,  allow  the  jo-  and  pj  -  and 
jo-  and  £' -carbons  to  come  within  about  1.  5   &>  Dewar  (45)  has  argued  that  the  loss  of 
resonance  energy  (ca.  36  Kcal)  in  going  from  an  aromatic  to  a  quinoid  structure  is 
Inconsistent  with  the  observed  activation  energy  (ca.  20  Kcal)  for  the  rearrangement. 
The  loss  of  36   Kcal  is  perhaps  too  high  an  estimate,  since  the  quinoid  structure  also  has 
some  resonance  energy,  and,  as  Hammick  and  Mason  (68)  point  out,  the  partial  formation 
of  a  C-0  bond  in  the  transition  state  could  supply  the  required  energy.  The  preference 
for  formation  of  a  bond  at  the  para  positions  has  been  attributed  to  the  greater  resonance 
energy  associated  with  j>=quinoid  than  with  jo-quinoid  structures  (65). 

Since  the  formulation  of  this  mechanism,  it  has  been  found  that  the  semi  dine  rearrange- 
ment and  the  benzidine  rearrangement  follow  the  same  rate  law  (20). 

Attempts  to  adapt  the  Ingold-Hughes  mechanism  to  explain  the  distribution  of  products 
in  the  semidine  rearrangement  have  been  made  by  Hammick  and  Murna  (69),  by  Gould  (70), 
and  by  Brownstein,  Bunton,  and  Hughes  (71),   but  these  mechanisms  generally  require  the 
formation  of  rather  long  and  distorted  bonds.   Ingold  (29)  has  recently  given  indications 
of  modifying  his  theory  in  a  forthcoming  paper,  so  it  would  seem  wiser  to  await  the 
presentation  of  the  new  mechanism  than  to  point  out  the  shortcomings  of  the  present  one. 

The  second  type  of  mechanism,  involving  a  pi-complex,  was  first  suggested  by  Dewar (72) 
in  1945  and  has  since  appeared  in  slightly  modified  forms  (73~75)°   This  theory,  in 
contrast  to  the  previous  ideas,  involves  heterolysis  of  the  monovalent  salt  of  hydrazo- 
benzene (XX)  to  aniline  (XXl)  and  the  electron  deficient  ion  (XXIl)  (5),  or,  alternatively, 
hemolysis  to  the  radical  fragments  (XXIII)  and  (XXTV)  (76). 

If  the  two  fragments  are  stacked  parallel  to  one  another,  their  pi-orbitals  will  overlap 
to  form  a  stable  sandwich-like  pi-complex  (XXV).  Attack  of  XXV  by  a  second  proton  leads 
to  destruction  of  the  pi-complex  and  the  formation  of  benzidine. 
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The  attractive  feature  of  this  mechanism  is  that  it  explains  the  formation  of  both 
"benzidines  and  semidines.   Using  the  rules  listed  on  page  1  governing  substituent  effects 
and  assuming,,  by  analogy  with  substitution  reactions  with  aniline,  etc.  (h) ,   that  the  para 
position  is  more  reactive  than  the  ortho^  it  is  possible  to  rationalize  the  products  by 
postulating  that  the  halves  of  the  pi-complex  rotate  and,  depending  on  relative  stabilities 
of  the  intermediate  complexes  and  steric  and  electronic  factors,  unfold  to  form  the 
observed  products. 


■>■ 


o   or  ^-Benzidine     _o-semidine  diphenyline        p^-semidine 

Recently,  Snyder  (76),   using  the  method  outlined  by  Dewar  and  Coulson  (77)>  has 
described  the  monoprotonated  pi-complex  using  Huckel  molecular  orbital  calculations.   The 
calculated  atomic  localization  energies  predict  qualitatively  the  products  obtained  on 
rearrangement  of  hydrazobenzene  and  1,1'-  and  2,2'-hydrazonaphthalene.   Snyder  also  notes, 
however,  that  the  colors  observed  by  Wittig,  et  al. ,  (78,19),   on  rearrangement  of  N,N'= 
cyclic  hydrazobenzene s,  and  cited  by  Dewar  as  evidence  for  pi-complex  formation,  appear  to 
be  due  to  a  positive  ion  produced  by  oxidation  of  the  hydrazo  compound,, 

A  similar  mechanism  has  been  proposed  by  Vecera  (32),  who  suggests  that  the  divalent 
cation  ()CVl)  undergoes  ho^epolysis  to  two  positively  charged  radicals  [  (XVI I),  which  are 
held  together  by  "electrokinetic  forces"  and  by  the  cage  effect  of  the  solvent. 

Hoi? 


XVI 


XVII 


XVIII 


This  mechanism  has  its  good  points,  too.   By  postulating  that  in  non-polar  solvents  the 
mutual  repulsion  of  the  positively  charged  nitrogen  atoms  is  increased,  resulting  in 
rotation  of  the  rings  (XVIIl)  followed  by  unfolding  of  the  rings,  he  has  rationalized  the 
observation  that  the  proportion!  of  diphenyline  increases  in  more  non-polar  solvents. 

Dewar  (5)  has  objected  to  this  type  of  mechanism  on  the  grounds  that  a  radical  type 
intermediate  does  not  predict  the  products  observed  in  the  rearrangement  of  certain 
substituted  hydrazobenzenes,  and  that  the  Franck-Rabinowitch  or  cage  effect  (80)  has  only 
been  observed  for  neutral  radicals.   Perhaps  a  more  serious  objection  is  that  derealiza- 
tion of  the  positive  charge  from  the  nitrogen  to  the  rings  should  cause  the  fragments  to 
be  repelled  from  one  another. 

Discuss iono --From  the  experimental  evidence  available  at  this  time,  it  is  not  possible 
to  distinguish  between  the  two  types  of  mechanism  discussed  above.   Kinetic  studies  show 
that  in  the  transition  state  the  ring  C-H  bond  has  not  been  broken  and  that  one  to  two 
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protons  are  involved,  depending  on  the  order  of  catalysis.   To  explain  the  observation 
that  the  order  with  respect  to  acid  is  higher  at  higher  concentrations  of  acid,  the 
rearrangement  must  follow  a  rate  law  such  as  Equation  3  (Rate  =(Hz)[k'  (IT1")  +  k'^H4")2]). 
Both  Equation  4,  which  involves  a  divalent  cation  intermediate,  and  Equation  5,  which 
involves  a  pi°complex  intermediate,  can  he  shown  to  follow  the  same  rate  law  (Eq.  3)», 
In  Equation  4,  when  k2  »k3(H+) ,  then  Equation  3  reduces  to  Equation  2  (Rate=kf (Hz) (H  )), 


Hz  + 


IfH  -  k,l  u  HzH+     ka  jj*  HzH2  ++  d  J** ►  Products  +  2H+      Eq.  4 

jt\.  Do  s*cep 


k. 


k. 


Products  +  H*" 


Hz  +  H+   — J£L — a*,  HzH  + 2....~*»,  pi-complex   r — ->  Products  +  2H+    Eq.  5 


I 


T+ 


Products  +  H 

and  when  k3(H  )J>)>k2,  Equation  3  reduces  to  Equation  1  (Rate  =  kM(Hz)(H  )2)j  the  case  is 
similar  for  Equation  5» 

Dewar  (5)  and  Carlin  (l8)  have  postulated  kinetic  mechanisms'  which  lead  to  rate  laws 
of  the  type  hUMrt 


rate  = 

k2 


+  k3  (H+) 


which  also  explain  fractional  order  catalysis,  hut  which  predict  second  order  catalysis 
in  dilute  acids  and  vice  versa  (29,   48). 

A  possible  objection  to  Equation  5>  in  the  case  of  second  order  acid  catalysis,  is  that 
the  rate  determining  step  involves  protonation  of  the  pi-complex,  presumably  at  the 
nitrogen  atom.  Long  and  Paul  (8l)  point  out  that  protonation  of  a  nitrogen  atom  is  not 
likely  to  be  a  rate  determining  step. 

Because  the  pi-complex  theory  explains  the  distribution  of  products  more  satisfactorily 
than  does  the  Ingold-Hughes  type  mechanism,  it  is  tempting,  at  the  present  time,  to  look 
with  more  favor  upon  the  Dewar  mechanism.  However  this  mechanism,  too,  has  its  weak 
points  and  will  require  stronger  supporting  experimental  evidence. 

Divalent  Salts  of  Hydrazobenzene.  --The  existence  of  divalent  salts  of  hydrazobenzene 
has  been  cited  as  evidence  that  the  rearrangement  proceeds  through  a  diprotonated  species 
(20,  7)»  Pongratz  and  Scholtis  (82)  first  reported  the  preparation  of  the  dihydriodide 
and  dihydrobromide  salts  of  hydrazobenzene,  but  their  proof  of  structure  is  unconvincing. 
Later  workers  (14,  33,  83,  84)  have  tried  to  repeat  this  work,  but  have  Obtained  only 
mixtures  of  rearrangement  products  which  do  not  reduce  Bindschelders  green.   The  difficul- 
ties in  preparing  these  salts  can  perhaps  be  estimated  by  predicting  the  second,  dissocia- 
tion constant  of  hydrazobenzene.  Hydrazine  has  a  pK^  of  4.5,  phenylhydrazine  of  8.8,  and 
the  compound  [(C!H3)3N-m(CH3)2]  . 2SbCl5~  a  pK£  of  about  15.3  (85).   This  leads  to  a  value 
of  roughly  19. 6  for  pK£  of  hydrazobenzene.  Therefore,  it  seems  doubtful  that  any 
appreciable  amount  of  the  double  salt  could  be  formed  under  ordinary  acidic  conditions. 
However,  the  divalent  cation  cannot  be  excluded  as  an  intermediate,  since  only  a  small 
concentration  of  a  species  is  required  in  the  transition  state. 
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CONFORMATIONAL  STUDIES  OF  FIVE-MEMBERED  RINGS 


Reported  by  R.  L.  Bucks on 


November  12,  1962 


Introduction 


The  conformations  of  six-membered  rings  have  been  the  subject  of  extensive  theoreti- 
cal and  experimental  investigations.   This  seminar  is  concerned  with  the  conformational 
studies  of  five-membered  rings  --  cyclopentanes,  cyclopentane  derivatives,  1,3-dioxolanes, 
the  D  rings  of  steroids,  prolines  and  ribofuranosyl  nucleosides  and  nucleotides.   These 
five-membered  rings  have  been  investigated  theoretically  through  analytical  vector 
techniques  and  experimentally  by  X-ray  analysis,  heat  capacity  measurements,  infrared 
spectroscopy  and  nuclear  magnetic  resonance  spectroscopy. 

Theoretical  Investigations 
Methods  --  The  ability  of  non-planar  models  of  cyclopentane  to  correlate  calori- 
metric  (1,  2,  3)  and  strain  energy  (4)  data  led  investigators  to  analyze  these  models 
more  carefully  (5).   There  are  two  types  of  non-planarity  or  puckering  of  cyclopentane. 
The  first  describes  the  movement  of  one  atom  out  of  the  plane  of  the  other  four,  has  Cs 
symmetry  and  is  called  the  envelope  form|  the  second  describes  the  twisting  of  two  atoms 
relative  to  the  other  three,  has  C2  symmetry  and  is  called  the  half -chair  form  (5). 
These  forms  are  shown  in  Fig.  1  with  an  intermediate  form,  in  which  q  is  the  amplitude 
of  puckering  and  0   is  the  phase  angle  of  maximum  puckering. 

/)=0  fa/kO  fat/20 


Envelope  Intermediate  Half-chair 

Figure  1  -  Conformations  of  Cyclopentane  (3) 

The  ring  angles  0)j  and  the  torsional  angles  Q±j   have  been  calculated  for  both  the 
envelope  and  half -chair  forms  of  cyclopentane  (5)  from  equations  derived  by  analytical 
vector  techniques,,  The  values  of  these  angles  have  been  used  (5,  6,  7)  in  standard 
equations  to  calculate  the  C-C-C  bond  bending  energy  Vg  and  the  torsional  energy  Vj. 
In  more  recent  studies  the  electron  correlation  energy  Ec   and  van  der  Waals  interactions 
Ey^  have  been  estimated  (6,  7$} to  give  a  more  complete  summation  of  the  energies  of  each 
of  the  forms  of  cyclopentane  and  its  derivatives. 

Results  --  Calculations  made  for  the  three  values  of  f>   shown  in  Fig.  1  with  q  = 
O.308  ft   gave  the  values  VB  =  1.445  kcal„/mole  and  VT  =  3.6036  V-0  kcal./mole,  for  all 
three  values  of  f>   (5).   The  calculated  potential  energy  (5)  was  maximum  at  q  =  0  and  fell 
to  a  minimum  at  about  4  kcal./mole  lower  with  q  -  0.3  A,  the  curve  near  this  minimum 
being  nearly  parabolic  and  corresponding  to  a  force  constant  of  about  105  dynes/cm.  on  q. 
This  indicates  the  potential  energy's  independence  of  0  and  dependence  on  q,  which  was 
rationalized  by  a  two-fold  description  of  the  puckering  of  cyclopentane  (5) :  first,  the 
usual  vibration  in  which  the  degree  of  puckering  oscillates  about  a  most  stable  value 
(q  =  0.5  A),  and  second,  a  pseudo  one -dimensional  rotation  of  the  angle  of  maximum 
puckering  around  the  ring. 

Pitzer  and  Donath  (6)  improved  the  calculation  of  the  strain  energy  of  cyclopentane 
by  including  the  Ec  term  and  a  term  for  zero  point  vibration  energy.   Their  results  for 
the  envelope  form  are  summarized  in  Table  I.   The  minimum  value  of  -AHfO  -   9<.0  kcal./mole 
occurs  at  q  =  0.50  A.   Corresponding  calculations  for  the  half -chair  form  resulted  in 
a  minimum  -AHfo  =  8.49  kcal./mole  at  q  =  0.48  R,   which  indicates  the  energy  difference 
between  the  envelope  and  the  half-chair  forms  is  less  than  1  kcal./mole. 
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q,  R 
-Ec  a 

VB 
VT 

~^*bond 

zV2hv 

-AHfob 


TABLE  I  (6) 
Energy  of  Cyclopentane  at  0°  K 

OoOO                    0,236  0.308  0.40 

44oj+9  W.57  44.67  44.94 

0.08               0.62  1.10  2.19 

14.00  11.48  9=99  8.05 

59.00  59.OO  59.00  59.OO 

85.26  85.26  85.26  85.26 

4.2                   6.2  7.3  8.4 

All  energies  reported  in  kcal./mole. 
-AHfo  =  E1/  hV  +  VB  +  VT  -  AHbond  -  Ec 


0.50 
^5-72 

4.26 

6.18 
59-00 
85.26 

9.0 


0.60 

47.03 

7.72 

^.95 
59.00 
85.26 

8.1 


Assuming  the  torsional  angles  calculated  for  cyclopentane,  summarized  in  Table  II, 
are  the  same  for  cyclopentane  derivatives  the  torsional  energy  difference  AVC  has  been 
approximated  for  the  change  from  the  envelope  to  the  half-chair  form  of  cyclopentane 
derivatives  (6) .  A  parameter  V12,  the  barrier  adjacent  to  the  substituent,  is  necessary 
for  these  calculations  and  is  obtained  from  model  compounds  such  as  propane,  ethyl 
fluoride,  etc,  (6).   Even  when  these  model  compounds  are  carefully  selected,  these 
parameters  are  subject  to  error  and  criticism.  Table  III  summarizes  the  results  of 
these  calculations. 


TABLE  II  (6) 
Torsional  Angles  Calculated 
for  Cyclopentane 

Envelope  Half- chair 


TABLE  III  (6) 
Potential  Barriers  to  Pseudo-rotation  in 


©i2=051 
©23=045 

034 


XT 


Ten 
28.6° 

0.0° 


15.15° 
39.^5° 
48,1° 


Cyclopentane 

Derivatives 

Via 

AVC, 

Substance 

kcal./mole 
3.40 

kcal . /mole 

Methylcyclopentane 

0.9 

Fluor ocyclopentane 

3.30 

0.7 

Methylene cyclopentane 

1.98 

-1.2 

Pyrrolidine 

1.90 

-1.3 

Cyclopentanone 

1.13 

-2.4 

Tetrahydrofuran 

1.07 

-2.5 

Thiacyclopentane 

0.71 

-3.0 

It  should  be  stressed  that  AVC 
represents  the  potential  barrier  for  the 
envelope  to  half -chair  transformation, 
i.e.  the  barrier  to  rotation  of  the 
phase  of  puckering,  but  not  the  dif- 
ference between  the  two  corresponding  potential  minima.  These  data  indicate  that  a 
single  substituent  which  raises  the  two  barriers  V3.2  adjacent  to  it  stablizes  the 
envelope  form,  while  a  single  substituent  which  lowers  these  barriers  stabilizes  the 
half-chair  form  of  cyclopentane  derivatives  (6) . 

When  a  f ive -membered  ring  is  fused  to  a  six-membered  ring  in  the  chair  conformation 
the  torsional  angles  at  the  shared  carbon  atoms  are  60°.  A  pair  of  maximally  puckered 
envelope  and  half -chair  models  used  (7)  in  the  description  of  these  cyclopentanes  are 
shown  in  Flg„  2.  In  I  the  C!-C2  bond  is  shared  and  in  II  the  C3-C4  bond.   These  forms 
were  obtained  from  the  planar  model  by  increasing  q  until  the  torsional  angles  reached 
60°  (7) .   Table  IV  lists  the  new  values  for  the  ring  and  torsional  angles,  while 
Table  V  summarizes  the  energies  of  these  maximally  puckered  forms  calculated  in  the 
usual  manner  ( 7) . 

Z    Y  Z   Y 


X 


Envelope,  I 


Half -chair,  II 


Figure  2  -  Maximally  Puckered  Cyclopentanes  (7) 
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TABLE  IV  (7) 
Torsional  and  Ring  Angles  of  Maximally  Puckered  Cyclopentanes 

Angle                       I  (q  =0.635  R)  II  (q  =  O.615  A) 

ci)1=(D2=ai5                       96. 6°  103. 0° 

a>3=£D4                      104. 3°  95.9° 

O12=05i                      60.0°  19.0° 

36.50  50.0° 

0.0°  60. 0° 


©23=©45 
634 


TABLE  V  (7) 


Energies  of  Maximally  Puckered  Cyclopentanes 
Energy  contribution  I,  kcal./mole 

VB  9J 

vT 

"Ec 

"^bond 

S1/ahv 

-AHfO 


8 

4.66 

47.95 
59.0 
85.26 
7-35 


II,  kcal./mole 

8/69 

4.70 

47.29 

59-0 

85.26 

7.64 


These  values  demonstrate  the  ability  of  the  ring  to  smoothly  distribute  the  strain 
energy  around  the  ring,  i.e.  high  torsional  stress  resulting  from  bond  twisting  appears 
to  be  accompanied  by  low  ring  angle  distortion  in  the  same  region  of  the  ring.  A 
slight  and  probably  negligible  preference  (0.29  kcal./mole)  is  indicated  for  the  enve- 
lope form  I,  which  is  opposite  that  found  for  cyclopentane  itself. 

The  maximally  puckered  forms  of  cyclopentane  have  been  applied  to  the  description 
of  three  possible  conformations  (III,  IV  and  V  in  Fig.  3)  of  ring  D  in  steroids  (9). 
The  energies  of  these  conformations  have  been  compared  by  assuming  the  difference 
between  the  electron-correlation  energies  of  the  envelope  (III  or  V)  and  the  half- 
chair  (IV)  is  the  same  as  in  the  unsubstituted,  maximally  puckered  models.   The  results 
of  calculations  of  Eyy,  torsional  stress  and  a  correction  for  Ec  for  androstane  and 
17-methylandrostane  are  presented  in  Table  VI. 

C,H3 
CH3        H  CH3  3 


16 


III  IV  V 

Figure  3  -  Conformations  of  Ring  D  of  Steroids 


TABLE  VI  (9) 

Energy 

for  Conformation 

Compound 

Contribution 

III, 

kcal . /mole 

IV, 

kcal./mole 

V,  kcal./mole 

Correction 

0.33 



0.33 

Androstane 

Torsion 

5.01 

4.81 

4.86 

1,3-Interaction 

h.l 

3A 

2.8 

Total 

10.04 

8.21 

7-99 

Correction 

0.33 

____ 

0.33 

17P  -Methyl  - 

Torsion 

5.59 

5-27 

5.06 

androstane 

1,3-Interaction 

4.6 

3.4 

2.8 

Total 

10.52 

8.67 

8.19 

Correction 

0.33 



0.33 

17a -Methyl - 

Torsion 

5-59 

5.27 

5.06 

androstane 

1,3-Interaction 

5.3 

6.1 

7.5 

Total 

11.22 

11.37 

12.89 

-  43  - 

The  values  for  androstane  indicate  the  conformation  of  the  D  ring  is  probably  an 
equilibrium  of  forms  IV  and  V,,  while  those  for  the  17-methylandrostanes  indicate  forms 
III  and  IV,  and  IV  and  V,  are  preferred  by  the  0i~   and  p-substituted  steroids, 
respectively.   On  this  basis  form  IV  was  predicted  to  be  the  conformation  of  the  D 
ring  in  cholesterol  (9) .  Analogous  calculations  on  17 -hydroxy  steroids  indicated  the 
P-isomer  retained  form  V,  but  the  a-isomer  had  the  lowest  energy  for  IV,  which  was 
apparently  due  to  the  lower  1,3 -interactions  in  form  IV  (9) . 

Table  VII  summarizes  the  results  of  calculations  on  forms  III,  IV  and  V  with  a 
carbonyl  at  C-l6  or  C-17  (9),  These  values  suggest  a  slight,  and  probably  negligible, 
preference  of  IV  over  III  for  the  17-ketosteroids,  while  the  l6-ketosteroids  should  have 
the  envelope  form  V,   The  lower  energy  of  the  l6-ketosteroid  is  supported  by  the  ob- 
served rearrangement  of  l6-hydroxy-17 -ketones  to  17-hydroxy-l6-ketones  (10) . 


TABLE  VII  (9) 
Energy  for  Conformation 
17-Ketosteroids,  kcal./mole 


l6-Ketosteroids ,  kcal./mole 


III 

IV 
0756 

V 

III 

IV 

0756 

V 

11. 

2. 

4, 
18, 

.73 
.36 

■  7 
.79 

11.05 
3.34 
3.4 

18,45 

13.56 

4.32 

2,8 

20,68 

11.73 
2.82 
4,8 

19.35 

11.05 
2.26 
3-5 

17.47 

11.73 

2.66 
1.4 
15.79 

Experimental 

Investigations 

Contribution 

Correction 

Bond  bending 

Torsion 

1,3 -Interaction 

Total 


X-ray  Analysis  --  In  the  X-ray  analysis  of  cholesteryl  bromide  Carlisle  and  Crow- 
foot (11)  observed  a  slight,  but  definite  distortion  of  ring  D,   Their  results  indicated 
that  carbons  13,  l4,  15,  and  16  lie  nearly  in  one  plane  with  carbon  17  a  short  distance 
from  the  plane  and  all  calculated  valency  angles  were  less  than  108°.  It  is  difficult 
to  correlate  these  results  to  any  one  of  the  three  forms  in  Fig.  3  with  much  assurance, 
but  form  V  most  nearly  correlates  these  results  (9) . 

Information  concerning  the  five-membered  rings  of  cytidylic  acid  (.12)  and  cytidine 
(13)  was  obtained  from  their  X-ray  analysis.  In  both  instances  a  distortion  of  the 
furanosyl  ring  was  observed.   In  the  acid  C-2'  was  out  of  the  plane  of  the  other  atoms 
by  0.5  A  and  ^2=96°,  while  in  cytidine  C-3'  was  out  of  the  plane  by  0.5  A.  Both  forms 
depicted  in  Fig,  4  have  no  groups  eclipsed,  but  rather  two  or  three  quasi -equatorial 
and  one  bisectional  group.  Displacement  of  C-31  from  the  plane  of  the  other  four 
atoms  was  also  observed  by  X-ray  analysis  for  the  five-membered  rings  of  sucrose  sodium 
bromide  dihydrate  (l4) ,  5 '-bromo-5 ' -deoxythymide  (15)  and  calcium  thymidylate  (16) . 


H0H2C 


H2P04' 


H        -  -  H 

Envelope  in  cytidylic  acid 


Envelope  in  cytidine 


Figure  4  -  Conformations  of  Ribose  Rings  from  X-ray  Analyses 

The  X-ray  analysis  of  ethylene  carbonate  (17)  indicates  the  two  ethane  carbons  are 
displaced  symmetrically  0.3  A  on  opposite  sides  of  the  plane  formed  by  the  other  three 
atoms.  As  Fig,  5  illustrates,  this  corresponds  to  the  half-chair  form  of  cyclopentane 
and  is  in  agreement  with  the  prediction  of  Pitzer  and  Donath  (6)  that  a  single  sub- 
stituent  which  lowers  the  barriers  to  rotation  of  the  phase  of  puckering  will  stabilize 
the  ha If -chair  form. 
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Figure  5  -  Conformation  of  Ethylene  Carbonate  from  X-ray  Analysis 

Heat  Capacity  --  Table  VIII  compares  the  theoretical  and  experimental  heat 
capacities  at  various  temperatures  for  cyclopentane  and  thiacyclopentane  (18,  19,  20) 
The  excellent  agreement  of  these  values  substantiates  the  theoretical  approach. 


TABLE  VIII  (18,  19,  20) 


Heat 

Capacities  in  the 

Ideal 

Gas 

State 

"  o°, 

Observed 

cal 

,/deg. 

-mole 

T,  °K  at  1  atm„ 

uaicuiated 

Cyclopentane 

353 
372 

395 
424 

463 

503 

539 

329.05 

395.05 

463.IO 

24.83 
25.85 
28.03 

30,19 
33.16 
36.02 
38.26 

22.44 

27,98 
33.33 

24.37 
25.94 
27.83 
30,16 
33.16 
36.07 
38.52 

27.83 
33.16 

Thiacyclopentane 

378,25 
402,20 
449.20 
487.20 

27.49 
29.10 

32,11 

34,29 

27,49 
29,10 
32.10 
34,33 

Infrared  Spectros 

copy 

--  Characteristic 

shifts 

from  the  parent 

ketone 

carbonyl 

frequency  in  a-  and  a' -mono-  and  dihalogenated  cyclic  ketones  (21,  22,  23)  have  been 
observed.  The  magnitudes  of  these  shifts  have  been  correlated  to  the  position  of  the 
halogen  with  respect  to  the  carbonyl.  In  six-membered  rings  the  shift  for  equatorial  cc- 
halogens  is  about  20  cm.  x,   while  that  for  the  axial  is  very  slight  (3  cm.  x)    and  at 
times  even  lowers  the  frequency  by  5  cm.  x   (21) ,  In  applying  this  method  to  the  con- 
formational studies  of  f ive -member ed  rings  it  was  necessary  (24)  to  establish  the 
frequency  shift  associated  with  an  intermediate,  bisectional  position  between  equatorial 
and  axial,  as  might  occur  in  a  planar  a-halocyclopentanone .  a-Halocamphors  were  selected 
as  the  model  compounds  with  l-halo-2-indanones  for  comparison.  The  compounds  are  shown 
in  Fig.  6  and  Table  IX  contains  the  infrared  data. 


Figure  6  -  Camphor  and  2-Indanone  Substituted  at  the  a-Position 
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TABLE  IX  (2k)  . 

Carb onyl  Frequency  Shifts  for  a -Halo camphor  and  l-Halo-2-indanonesc 


Ketone 


max 

CO  ' 


cm, 


Camphor 

a-Bromo- 

a/x'-Dibromo- 

a-Chloro- 

a'-Chloro- 

a,a'-Dichloro- 

2-Indanone 

1-Bromo- 

1-Chloro- 

a 


Ifkk 
1758 
1766 

1763 
1762 

177^ 
1753 
1766 
1772 


Av,  cm. 

ik 

22 

19 
18 

30 

13 
19 


+ 


2  cm. 


Run  in  CC14  with  experimental  error 

Since  the  a-  and  a' -chlorocamphors  displayed  the  same  shift,  the  values  18-19  cm.  -1- 
and  13 -lU  cm,,"1  were  taken  as  standards  for  the  shifts  associated  with  the  chloro-  and 
bromo-  bisectional  positions,  respectively  {2k)  . 

Frequency  shifts  of  13  cm."1  and  8  cm.  1  have  been  observed  (9,  22)  for  a-chloro- 
cyclopentanone  and  a-bromocyclopentanone ,  respectively,  in  carbon  tetrachloride  solution. 
These  values  do  not  correspond  to  either  the  bisectional  or  equatorial-axial  standard, 
which  was  taken  as  support  for  the  half -chair  conformation  of  cyclopentanone  predicted 
by  theory  (6)  . 

This  method  of  determining  ring  conformations  has  been  applied  to  the  D  ring  of 
steroids  (9,  23,  25)  .  On  the  basis  of  the  observed  shifts  of  6  cm.  -1  and  8  cm.  -1   for 
the  l6b:-bromoestrone  and  l6f3-bromoestrone  Shoppee,  et  al.  (23)  ,  concluded  the  D  ring 
was  in  the  half -chair  form  VII  shown  in  Fig.  7°  However,  more  recent  studies  (9,  25) 
claim  the  shift  is  12  cm."1  indicating  the  bromine  is  bisectional.  This  suggests  that 
the  D  ring  is  in  the  form  VI,  which  according  to  theoretical  estimates  (Table  VII)  is 
negligibly  less  stable  than  the  half -chair.  qjj 

CH3  CH3 

0 

0 


II 


VII 


VIII 


Figure  7  -  Conformations  of  Ring  D  of  17-Ketosteroids 

Kuhn  has  demonstrated  (26)  that  the  shift  in  the  0-H  stretching  frequency  which 
accompanies  hydrogen  bonding  in  a  glycol  can  be  correlated  to  the  geometry  of  the 
glycol.  For  the  two  cis-l,2-bicycloheptanediols  the  shift  is  102-103  cm."1  (27)  and 
this  value  should  therefore  be  expected  from  other  completely  eclipsed  glycols  (9) . 
Brut cher  and  Bauer  (9)  employed  Equation  1  to  obtain  the  hydrogen  bond  length, 
r0. . . .H  from  their  spectral  data,  which  was  then  used  to  evaluate  the  torsional 
angles  0  shown  in  Table  X  with  the  spectral  data. 


Av  =      k2.5  ,  , 

(rO....H  -  1.10    5° 


(1) 


The  angles  obtained  for  the  l6a,17a-glycolsteroids  (15°  and  18°)  compare  reasonably 
well  with  the  angle  calculated  for  the  half -chair  form  (see  Table IV)  ,  while  the  angles 
obtained  for  the  glycol  (3-isomers  indicate  an  envelope  form.   Consideration  of  1,3- 
interactions  (see  Table  VI)  led  the  authors  to  select  V  as  the  more  likely  envelope  form 
for  the  D  ring  of  the  p -isomers  (9) . 
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TABLE  X  (9) 
0-H  Frequency  Shifts  Due  to  Hydrogen  Bonding  in  Glycols' 

Free  OH  Bonded  OH 

Compound  v,  cm."1         v,  cm."-1  "         AV         _Q_ 

Estriol  3-me"thyl  ether 
l6-Epiestriol  3~ 

methyl  ether 
17-Epiestriol  3- 

methyl  ether 
Androstan-17P -ol 
Androstan-l6p,17P-diol 
3P -Acetoxyandrostan- 

l6a,17a-diol 
cis-Bicycloheptane- 

1,2-diols 


^n 


in 


v,  cm._± 
3623 

v,  cm.""-1 

3634 

3559 

3639 
3627 
3638 

35^5 
3568 

3634 

35^3 

3644 
CCI4  with 

35^1 
experimental  error  +2  cm 

75 

31° 

9^ 

15° 

70 

34° 

91 

18° 

.03 

0° 

Nuclear  Magnetic  Resonance  Spectroscopy  --  The  conformations  of  five-membered  rings 
are  suggested  by  their  nuclear  magnetic  resonance  spectra  from  the  magnitude  of  the  spin 
coupling  constant  between  protons  on  adjacent  carbon  atoms  of  the  ring.  The  dependence 
of  the  spin  coupling  constant  on  the  dihedral  angle  0'  formed  by  the  two  intersecting 
planes  defined  by  Hi-C-C  and  C-C-H2  in  compounds  of  the  H1-C-C-H2  type  has  been  described 
(28)  by  a  cos2^'  curve.   Since  the  dihedral  angle  is  determined  by  the  conformation  of 
the  ring,  the  association  of  the  magnitude  of  the  coupling  constants  and  conformation 
is  reasonable.  Theoretical  coupling  constants,  estimated  from  the  measurement  of  the 
dihedral  angles  in  molecular  models  of  reasonable  conformations  of  the  ring  and  the 
cos2j#'  curve,  have  been  compared  to  the  observed  coupling  constants.  The  selection  of 
a  specific  conformation  was  made  on  the  basis  of  good  agreement  between  the  theoretical 
and  experimental  values  of  the  coupling  constants. 

The  conformations  of  the  five-membered  rings  in  purine  and  pyrimidine  nucleosides 
have  been  suggested  on  the  basis  of  the  coupling  constants  observed  for  the  vicinal 
protons  on  C-l'  and  C-2'  (29)  .  In  the  purine  nucleosides  the  coupling  constants  were 
5-7  c.p.s,  while  the  coupling  constant  predicted  from  the  dihedral  angle  of  I5O0  in  a 
molecular  model  in  an  envelope  conformation  with  C-2'  out  of  the  plane  on  the  same  side 
of  the  ring  as  the  C-4l-C-5'  bond  was  6.9  c.p.s.  This  has  been  called  (29)  the  C-2'- 
endo  conformation.  This  conformation  was  obtained  by  X-ray  analysis  (12)  for  cytidylic 
acid  (_cf.  above).  The  pyrimidine  nucleosides  were  suggested  to  have  a  C-3'  -endo  con- 
formation of  the  five-membered  ring,  which  is  also  in  agreement  with  X-ray  analysis 
data  (13,  l4,  15,  16) .  The  agreement  with  X-ray  analysis  is  encouraging,  but  need  not 
be  expected . 

Table  XI  summarizes  the  data  used  by  Jardetzky  to  assign  the  0-endo  conformation  to 
the  deoxyribose  ring  of  deoxyuridine'  (30).  The  line  widths  due  to  the  deoxyribose  protons 
in  several  other  nucleosides  and  nucleotides  indicated  this  same  envelope  conformation. 

TABLE  XI  ( 30) 
Theoretical  and  Observed  Coupling  Constants  of  Deoxyuridine 

Coupled  protons       Model  dihedral  angle  J  pred . ,  c.p.s.       J  obs. ,  c.p.s. 

H-l'-H-2'                   135*3  ~%%      ~TZ  c  , 

H-l'-H-2"                   15°  7.3   6'0ave-  6'6 

H-2'-H-3'                    0°  8.2   _  _  _  0 

H-2"-H-3'                   120°  2.1   5"2  ave°  5*2 

H-3'-H-4'                   135°  4.6  4.0 

Table  XII  lists  the  data  pertinent  to  the  assignment  of  a  half -chair  conformation 
with  C-2'  and  C-3'  twisted  out  of  the  plane  of  the  other  atoms  for  the  five-membered 
ring  in  the  a-anomer  of  thymidine  and  an  envelope  conformation  with  oxygen  out  of  the 
plane  for  the  deoxyribose  ring  in  thymidine  (31) .  This  conformation  agrees  with  that 
suggested  by  Jardetzky  for  deoxyribose  rings  (30) ,  although  the  approximate  half -chair 
proposed  for  the  a-anomer  of  thymidine  leaves  no  groups  eclipsed. 
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TABLE  XII  (31) 
Theoretical  and  Observed  Coupling  Constants  of  Five -membe red  Rings  in  Nucleotides 


Coupled  protons 

Model 

dihedral 

angle 

J  pred . ,  c . p . s . 

J  obs. ,  c.p.s. 

a-Thymidine 

H-l'-H-2' 

10° 

3.5 

3-8 

H-l'-H-2" 

130° 

7.5 

7-2 

H-2'-H-3' 
H-2"-H-3' 

10° 

130° 

Thymidine 

*Zm& 

7*7. 0-^. 
^4.0^ 

H-l'-H-2' 
I-l'-H-2" 

30° 
150° 

6, 
6. 

,_  0.3  ave. 

7.0 

H-2'-H-3' 
H-2"-H-3' 

10° 
130° 

7. 
3. 

J  5.5  ave. 

5.8 

The  conformation  of  the  ribose  ring  of  3' :5' -cyclic  adenosine  monophosphate,  which 
is  trans -fused  to  the  phosphate,  on  the  basis  of  the  molecular  model  could  only  be  the 
C-3 ' -endo-C-4 ' -exo  conformation  (32)-  This  conformation  has  a  dihedral  angle  of  105° 
between  the  trans  protons  on  C-l'  and  C-2',  which  corresponds  to  a  coupling  constant  of 
O.36  c.p.s.  extrapolated  from  Fig.  8.  The  observed  coupling  constant  was  less  than  1 
c.p.s,  (32).  The  coupling  constants  of  several  other  nucleotides  seemed  best  explained 
by  the  C-2'-endo  conformation. 

By  correlation  of  predicted  and  observed  coupling  constants  through  dihedral  angles 
and  observed  long-range  coupling  between  the  protons  on  C-3  and  C-5  the  conformations 
of  allo-hydroxy-L-proline  and  trans -hydroxy-L-proline  are  indicated  to  be  the  envelope 
forms  shown  in  Fig.  8  (33) •  The  long-range  coupling  is  similar  to  that  observed  in 
camphane-2,3-diols  (3*0  ->  Table  XIII  contains  the  coupling  constants  obtained  for  the 
deuterium  exchanged  prolines,  and  special  note  should  be  taken  of  cis  and  trans  coupling 
constants  which  are  the  key  to  the  conformational  assignment. 

TABLE  XIII  (33) 

Coupling  Constants  of  Deuterated  Prolines 

Coupled  Protons   j^LlQ— Hydroxy-L-proline  Coupled  protons   trans  -Hydroxy-L-proline 

c.p.s.  c.p.s. 

2a-3a             10.48  2a-3a             7.66 

2a-3b              3-84  2a-3b  10.44 

3a-3b             14.23  ?a-3b  14.06 

3a-4a              4.71  3a-4b             1.4l 

3b-4a              2.09  3b-4b             4.31 

3b-5b               2.0  3a-5a              1.6 

4a-5a              4.57  4b -5a              1.22 

4a-5b              0.94  4b-5b             4.09 

5a-5b              12.50  5a-5b  12. 69 


allo-Hydroxy-L-proline  trans -Hydroxy-L-proline 

Figure  8  -  Conformations  of  Prolines 

The  nuclear  magnetic  resonance  spectra  of  1,3-dioxolane  and  2,2-dimethyl-l,3- 
dioxolane  indicated  that  an  upward  shift  of  2.2  c.p.s.  in  the  Karplus  curve  was  needed 
to  correlate  the  observed  coupling  constants  (35).  The  difference,  J-J1,  in  the  observed 
coupling  constants  (see  Figure  9)  was  1.3  c.p.s.   Calculations  employing  the  Karplus 
curve  showed  J-J'  =  1.4  c.p.s.  at  a  dihedral  angle  of  35°.  However,  the  calculated 
value  for  J  +  J'  was  11.1  c.p.s.,  while  the  observed  value  was  13.3  c.p.s.  Thus,  an 
upward  shift  of  2.2  c.p.s.  in  the  Karplus  curve  left  J-J'  unchanged  and  correlated  J  +  J', 
This  new  curve  agreed  with  the  observed  coupling  constants  of  2,2-dimethyl-l,3-dioxolane 
(35)o 


-  kQ 


--H* 


H— " 


J  .  J-*±*>  ,   j35o 

J.  =  Jal  +  Jbl  = 


J> 


Jl55°  +  JS5° 


H "  , '   "b  c 

Figure  9  -  Conformations  and  Coupling  Constants  for  1,5-Dioxolane  (36). 
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STRUCTURE  OF  CATALPOSIDE 
Mus liner 


November  15,  1962 


Early  Studies . - -Catalposide ,  the  major  glucoside  of  the  genus  Catalpa ,  was  first 
isolated  in  l8SS  hy   Claassen(l).  From  then  until  1961  little  work  was  done  on  the 
structure  of  this  compound  (2-5).   It  was  reisoiated  in  I9V5  by  Colin,  Tanret  and  Chollet 
(2,3)  and  by  PIouvier(4)j  D-glucose  was  isolated  and  identified  after  both  acid(2)  and 
emulsin(3)  hydrolyses  of  catalposide,  and  the  glucoside  was  reported  to  give  positive 
xanthoproteic  and  biuret  tests  and  to  reduce  Fehling's  solution(2) . 

Since  then  two  groups  have  investigated  the  structure  of  catalposide  and  advanced 
I-III  as  possible  structures  for  the  glucoside. 

H,  COCsBUOH(p) 
)GOC6H4OH  (pj  f^  ^ 

COCsH4OH(£)- 


LOJH2OH  ^-D-glucose 

I 


f3~D~glucose 


III 


CH20H 


P-D°glucose 


In  196l,  Bobbitt,  Schmid,  and  Africa(6)  published  a  rather  comprehensive  study  of  this 
glucoside.  Catalposide  was  found  to  give  positive  tests  with  ferric  chloride  and 
with  tetranitromethane ,  while  negative  tests  were  noted  for  a  methylenedioxy  group  {l) } 
for  a  phenol  with  a  vacant  para  position  (Gibbs  test(8)),  and  for  an  o-dihydroxy  or 
l,3»diketone  grouping  (9) •   The  molecular  formula  for  catalposide  was  calculated  to  be 
C22H26012  and  Rast  molecular  weight  determinations  gave  fair  agreement  with  this  for 
hexaacetyl  and  hexabenzoyl  derivatives (723  and  800,  calcd.  73^3  1214,  calcd.  1107 
respectively) .  In  the  infrared  spectrum  there  were  peaks  at  1703,  1653;.  and  1613  cm  1, 
corresponding  to  carbonyl,  olefin,  and  aromatic  stretching  frequencies. 

When  the  glucoside  was  catalytically  hydrogenated,  one  mole  of  hydrogen  was  taken  up 
and  the  resulting  dihydrocatalposide  lacked  the  1653  cm  -1  peak.   Catalposide  and  dihydro- 
catalposide  were  reported  to  give  hexaacetates,  determined  by  elemental  analyses,  and 
the  corresponding  mono -methyl  ethers,  products  obtained  by  treatment  of  the  glucosides 
with  diazomethane,  to  yield  pentaacetates.  Thus  catalposide  was  assigned  six  acylatable 
hydroxyl  groups --probably  four  on  the  sugar  and  two  on  the  aglucone. 

Acid  hydrolysis  of  catalposide  again  afforded  D-gluedse,  identified  as  its  penta- 
acetate,  but  destroyed  the  aglucone.  Basic  hydrolysis  of  catalposide  and  monomethyl 
catalposide  led  to  the  isolation  of  jo-hydroxybenzoie  acid  and  £-methoxybenzoic  acid, 
respectively,  in  93  a-ftd  9k$>   yields.   In  conjunction  with  the  previous  evidence,  it  was 
thus  concluded  that 
explains  the  ferric 


catalposide  is  an  ester  of  p^-hydroxybenzoic  acid,  and  this  group 
chloride,  Gibbs  and  xanthoproteic  tests,  as  well  as  the  infrared 


bands  at  1703  and  l6l3  cm  1.  The  ultraviolet  spectra  of  catalposide  and  dihydrocatal- 
poside are  the  same,  so  the  double  bond  which  is  reduced  is  not  conjugated. 

Shortly  after  this  work  appeared,  Edward,  Lunn,  and  Edward  (10)  reported  that 
catalposide  afforded  a  heptaacetate,  rather  than  the  hexaacetate  of  Bobbitt,  et  al.(6), 
again  as  evidenced  by  elemental  analyses.  However,  the  differences  in  carbon  and  hydrogen 
percentages  calculated  for  hexa-  and  heptaacetyl  derivatives  are  too  small  to  enable 
one  to  distinguish  definitely  between  the  two  possibilities.  The  Canadian  workers  (10) 
were  able  to  isolate  catapol  (de-pj-hydroxybenzoylcatalposide) ,  the  product  obtained  when 
catalposide  was  subjected  to  alkaline  hydrolysis P   and  this  was  also  reported  to  yield  a 
heptaacetate. 

Suspecting  that  catapol  might  be  a  hydroxyaucubin( IV) ,  a  possibility  supported  by  the 
close  similarity  of  the  infrared  spectra  of  catapol  and  aucubln  (v)  and  of  their 
acetates,  they  reduced  catalposide  with  lithium  in 
liquid  ammonia  and  isolated  bisdeoxyaueubin  (VI)  as 
the  tetraacetate,  which  was  identical  with  the  same 
compound  obtained  from  the  similar  reduction  of 
aucubin  ( 11) . 

-D-glucose 
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J — t^ch=] 
feol    CH=1 


Li 

m< 

-glucose 

3-D-glucose 
VI        (Ac4) 

Reasoning  that  the  three  oxygen  functions  eliminated  by  the  Birch  reduction  of  catalposide 
must  be  allylic  ( 12) ,  Edward,  et  al. ,  concluded  that  the  additional  hydroxyl  group  on 
catalposide  (beyond  those  on  aucubin)  is  at  the  C  5  or  C  9  position.  They  then  excluded 
the  latter  possibility  on  the  basis  of  properties  of  eatalpogenin — the  aglucone  obtained 
from  hydrolysis  of  catalposide  with  emulsin.  Catalpogenin  forms  a  crystalline  bis-2,4- 
dinitrophenylhydrazone  (VIl)  which  has  a  broad  flat  ultraviolet  peak  centered  at  367m|i 
(e  ^3^300)  which  results  from  a  merging  of  peaks,  one  due  to  a  saturated  (^max~'  357mu) 
and  the  other  to  an  unsaturated  (A-   ~  376iqu)  2,4-dinitrophenylhydrazone(l3JV  Formation 
of  this  chromophore  requires  a       prototropic  A7->A8  shift  of  the  double  bond,  which 
has  been  noted  in  the  formation  of  the  bis-phenylsemicarbazone  of  bisdeoxyaucubin(  11) , 
and  such  a  shift  requires  a  proton  at  C  9»  Thus,  they  proposed  structure  II  for  catal- 
poside. H^gQisg^OHC^) 

[=M1C6H3(N02)2 
=HNHC6H3(M)2)2    VII 

12UX1 

Aucubin. —Since  aucubin  is  used  as  a  model  compound  for  catalposide  and  its  derivatives, 
its  proof  of  structure  will  be  briefly  treated.  The  structure  of  aucubin  has  been 
established  by  several  groups  of  workers  (11,  lk-l6) . 

Periodate  consumpumption  data  (two  moles,  corresponding  to  the  glucose  moiety)  and  the 
absence  of  infrared  bands  characteristic  for  the  furan  ring  (17)  ruled  out  earlier 
proposed  structures  for  aucubin  (18,19).  Catalytic  hydrogenation  of  aucubin  in  the 
presence  of  acid  (17)  led  to  the  uptake  of  two  to  three  moles  of  hydrogen.  The  products 
formed  showed  no  carbonyl  absorption  in  the  infrared,  though  2,4-dinitrophenylhydrazones 
could  be  formed;  thus,  the  products  contained  an  acetal  or  ketal  group.  Furthermore, 
the  hydrogenation  products  evidenced  hydrogenolysis  of  one  or  two  hydroxyl  groups  as  well 
as  hydrolysis  of  glucose,  so  both  or  at  least  one  hydroxyl  function  in  the  aglucone  should 
be  present  in  an  allylic  position. 

Fujise,  et  al. ( lk) ,   first  proposed  structure  V  for  aucubin  when  they  synthesized  a  por- 
tion of  the  aglucone  derived  from  the  degradation  of  tetrahydroanhydroaucubigenin  ( VTIl) , 
which  is  in  turn  derived  from  V  by  hydrogenation  followed  by  acid  treatment  (18) . 
(Compound  VIII  forms  a  2 , 4-dinitr ophenylhydrazone  derivative  though  it  shows  no  carbonyl 
band  in  its  infrared  spectrumj  and  so  it,  too,  must  have  a  stable  acetal  or  ketal  group 
(17)).  Compound  VIII  was  converted  to  its  methyl  xanthate,  which  was  pyrolyzedj  hydro- 
genation yielded  tetrahydroanhydrodeoxyaucubigenin  ( IX)  which  showed  no  carbonyl  in  the 
infrared  but  formed  a  2,4-dinitrophenylhydrazone  derivative.  Chromic  acid  oxidation 
afforded  the  tricarboxylic  acid  X,  which  formed  an  anhydride  carboxylic  acid  and  its 
methyl  ester  (Xl).  A  stereoisomer  (with  different  melting  point  but  indistinguishable 
infrared  spectrum)  of  XI  was  prepared  by  hydrolysis,  decarboxylation,  and  formation  of 
the  methyl  ester  of  the  anhydride  of  2, 3-dicarboxycyclopentane -acetic  acid,  the  addition 
product  prepared  from  dimethyl-2-cyclopentene-l,2-dicarboxylate  by  Michael  addition  to 
diethyl  malonate. 


1)CS2,  CH3I 
(xanthate) 

2)  A 

3)  H2 


CrO, 


/-j^C00H_i)A 
\ — 1—COOH 
COOH 


COOCH3 


VIII 


IX 


X 


XI 
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Grimshaw  and  June j a  (ll)  treated  aucubin  with  lithium  and  alcohol  in  liquid  ammonia 
and  isolated  bisdeoxyaucubin  tetraacetate  (VT),  (see  above)  which  on  acid  hydrolysis  gave 
a  steam  volatile  aglucone  characterized  as  its  bis-phenylsemicarbazone  (XII) .   For  XII 
A,    248  and  286  mu  (logs  €  4.49  and  4.48,  respectively)  indicate  the  presence  of  an 
isolated  and  a  conjugated  carbonyl  function  in  the  parent  dicarbonyl  compound  (20,21) . 


CH=NMHCOM0 

CH=NNHCONH0 
XII 

Schmid  and  co-workers  (15)  oxidized  VII I  to  the  ketone,  which  exhibited  typical 
cyclopentanone  carbonyl  absorption  at  1749  cm  ^   and  yielded  a  mono-benzal  derivative 
when  treated  with  benzaldehyde.   Treatment  of  this  latter  compound  with  ozone,  followed 
by  oxidative  work -up,  gave  a  dicarboxylic  acid  which  yielded  a  six  membered  cyclic 
anhydride  (infrared  bands  at  1827  and  1771  cm"1),  thus  confirming  the  presence  of  the 
cyclopentanol  portion  of  the  aglucone.   Treatment  of  hexaacetylaucubin  with  bromine  in 
a  tetrahydrofuran-water  mixture,  followed  by  oxidation  and  debromination,  yielded 
lactone  XIII. 


VIII 


^  0CH: 


0 


[0]  °  HOOC 

HOOC 


glucose  Ac4 


10  CH20Ac 
XIII 

The  n.m.r.  spectrum  of  aucubin  (l6)  shows  the  C  3  proton  peak  at  i   3-82  as  a  quartet, 
the  hydrogen  being  coupled  with  the  C  4  and  C  5  protons.   The  C  7  vinyl  proton,  whose 
signal  appears  as  a  multiplet  at  t  4.20,  is  coupled  with  the  C  6,  C  9,   and  C  10  protons. 
Lactone  XIII  lacks  the  enol  ether  peak  at  t  3-82  (see  Table  i)  and  contains  two  protons 
fewer  in  the  T  4.73_5»33  region  than  appear  in  the  spectrum  of  hexaacetylaucubin 
(protons  on  C  4  and  C  l) .  A  new  doublet  appears  at  t  4.4l  (J=3  cps) ,  which  is  assigned 
to  the  proton  at  C  1,  while  the  C  4  methylene  group  appears  at  i   7«4o.   Shifts  analogous 
to  that  of  the  C  1  proton  have  been  observed  (22).   The  n.m.r.  data  confirm  the  protons 
at  C  5  and  C  9  as  well  as  the  A3  double  bond,  while  the  allylic  position  required  for  the 
hydroxyl  groups  in  the  Birch  reduction  fix  the  position  of  these  latter  groups  as  well 
as  the  remaining  doubled  bond.  Thus,  the  n.m.r.  data  when  combined  with  the  chemical 
evidence  confirm  V  as  the  structure  of  aucubin. 

TABLE  I 

N.M.R.  LATA 

Chemical  Shifts  (t)  and  Multiplicity 
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More  Recent  Studies  on  Catalposide. -- 
in  a  subsequent  communication'  Lunh,  Edward,  and  Edward  (23)  revised  their  structure  for 

catalposide  to  III  on  the  basis  of  the  following  n.m.r.  data.  Acetylated  catalposide 

and  catapol  exhibited  the  characteristic  (16)  quartet,  at  t  3*65  and  3 -62, respectively, 

for  the  C  3  proton,  coupled  strongly  with  the  proton  on  C  4  (J=5-9  CPS)  and  weakly  with 

the  allylic  proton  on  C  5  (J=l-5  cps).   Furthermore,  the  peaks  at  t  4.20  and  6.8l,  due 

to  the  C  7  olefinic  proton  and  the  C  9  hydrogen  in  hexaacetylaucubin,  are  absent  in 

catalposide  and  its  derivatives,,   Thus  the  C  5  position  has  a  proton  rather  than  a 

hydroxyl  group,  and  the  second  double  bond  in  catalposide  would  not  be  in  the  A7  but  more 

probably  in  the  A8  position.   The  Birch  reduction  would  then  involve  a  A8-*AY  double  bond 
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shift  in  the  formation  of  VI,  and  the  formation  of  the  2,4-dinitrophenylhydrazone  of 
catalpogenin  (VII)  would  involve  no  double  bond  shift.   The  allylic  position  necessary  f'oi 
the  hydroxyl  group  in  the  Birch  reduction  would  require  the  oxygen  functions  to  be  in 
the  6,7 ,   and  10  positions,  and  the  failure  to  detect  a  C-methyl  group  in  Kuhn-Roth 
oxidations  of  catalposide  and  its  derivatives  confirms  the  location  of  an  oxygen  at  C  10, 

The  large  shift  in  molecular  rotation  in  going  from  catapol  ( [M]D  -443°)  to  catalpo- 
side (  [M]d-841°)  indicates  that  the  jD-hydroxybenzoyl  group  of  the  latter  should  probably 
be  attached  to  the  6-  or  7 -position  rather  than  the  non-asymmetric  10-position  and  that 
catalposide  has  structure  III  (23) • 

Bobbitt,  Schmid,  and  co-workers  then  published  their  second  paper  (24)  in  which  they 
reemphasize  that  catalposide  takes  up  but  five  moles  of  hydrogen  while,  under  identical 
conditions,  ethyl  p_-hydroxybenzoate  takes  up  four;  therefore,  catalposide  has  only  one 
double  bond.   (Aucubin  always  takes  up  at  least  two  moles  of  hydrogen) (17, lS) .  Integra- 
tion of  the  acetyl  region  of  the  n.m.r.  spectrum  of  acetylated  catalposide  and  its 
degradation  products  consistently  shows  that  the  glucoside  has  six  acylatable  hydroxyl 
groups,  thus  ruling  out  the  structures  advanced  by  Edward,  et  al..  (10,  23),  which  involve 
heptaacetates.  Extensive  evidence--mainly  from  n.m.r.  studies--  is  then  presented  to 
show,  in  conjunction  with  the  previously  presented  work,  that  I  is  the  correct  structure 
for  catalposide. 

The  presence  of  a  C  5  proton  in  catalposide  is  again  (23)  evidenced  by  the  C  3  proton, 
peak  at  t  3«62,  which  appears  as  a  doublet  with  allylic  fine  splitting  (see  Table  II). 
This  peak  is  lacking  in  the  spectrum  of  dihydrocatalposide  (XV) ,  while  in  that  of  catapol 
(XVI)  the  C  3  proton  peak  at  t  3«49  is  a  quartet  with  J=6  and  1.5  cps  due  to  splitting 
by  the  C  4  and  C  5  hydrogens,  respectively.   Bobbitt,  Schmid,  et  al..  (24) ,  prepared 
catapol  by  the  hydrolysis  of  catalposide  in  the  presence  of  a  basic  ion  exchange  resin, 
and  its  melting  point  as  well  as  that  of  its  acetate  derivative  agreed  with  those  of  the 
catapols  isolated  by  Edward,  et  al.  (10,  23).   The  n.m.r.  spectrum  of  the  acetyl  region 
of  catapol  acetate  showed  this  compound  also  to  be  a  hexaacetate  rather  than  the  hepta- 
acetate  previously  reported  (10,  23). 
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The  t  4.59-5.25  region  in  the  spectrum  of  catapol  (XVl)  contains  signals  from  three 
protons  (C  4,  CI,  C  1'),  while  that  of  catalposide  contains  four  (C  4,  CI,  CI1,  C  6) . 
As  catapol  is  de-p_~hydroxybenzoylcatalposide,  the  p-hydroxybenzoyl  group  is  attached 
to  a  secondary  hydroxy!  group  of  the  aglucone  (25aT- 

Dihydrode~£~hydroxybenzoylcataiposide  (XVII) --derived  from  dihydrocatalposide  (XV)  by 
hydrolysis  with  a  basic  ion  exchange  resin--shows  two  protons  in  the  t  4.67-5-34  region 
(The  C  4  vinyl  proton  signal  present  in  this  region  in  I  and  XVI  is 
absent  in  XVII  as  well  as  XV.)  as  two  doublets,  one  at  t  5.13      Q^i 
(J=6.5  cps)  and  one  at  t  5. 07  (J=8.5  cps).  These  are  the  acetyl 
protons  on  C  1'  and  C  1  (see  corresponding  protons  in  aucubin, 
Table  l) ,  and  each  of  these  hydrogens  has  one  proton  on  a 
neighboring  carbon;  thus,  the  C  9  proton  is  confirmed.  The 
high  coupling  constant  establishes  the  (3 -configuration  for 
the  glucoside  linkage  (25b)  which  is  also  indicated  by  the 
lability  of  catalposide  to  emulsin  hydrolysis  (3,  10). 

Another  product  obtained  in  the  basic  hydrolysis  of  catalposide  is  XVIII,  derived 
from  hydrolysis  of  catapol  ( XVl) .   The  structure  of  XVIII  is  specifically  determined  by 
its  reaction  with  periodate.   Five  moles  of  periodate  are  consumed  to  yield  one  mole  of 
formaldehyde  (C  10) ,  two  moles  of  formic  acid  (C  7  and  C  3')  and  one  mole  of  a  non- 
volatile acid  (carboxyl  at  C  8) .   Under  identical  conditions  XVI  reacts  with  two  moles 
of  periodate  to  yield  one  mole  of  formic  acid  (C  3')  (24).   The  tertiary  hydroxyl  group 
in  XVIII  is  resistant  to  acetylation;  thus,  the  acetate  (XIX)  n.m.r.  spectrum  shows  a 
signal  for  a  hydroxyl  and  an  unsymmetrical  double  signal  arising  from  seven  acetyl  groups, 
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Acid  hydrolysis  of  dihydrocatalposide  methyl  ether  (XX)  yielded  dinydrocatalpogenin 
methyl  ether  (XXI).   The  n.m.r.  spectrum  of  XXI  showed  a  multiplet  at  t  k.59   corres- 
ponding to  the  C  6  proton,,  and  a  second  multiplet  assigned  to  the  C  1  proton  at  t  5- 3^- 
This  latter  multiplet  becomes  a  doublet  (j=8  cps)  upon  acid  addition.   The  diacetyl 
derivative  (XXIl)  shows  these  two  peaks  as  a  single  absorption  multiplet  at  about  t  k.k-5 
corresponding  to  two  protons,  and  this  shift  on  acetylation,  plus  the  t  5-3^  position 
in  the  non-acetylated  compound,  connects  this  signal  with  the  C  1  position  and  shows  the 
existence  of  the  hemiacetal.   Compound  XXII,  furthermore,  contains  a  four  line  AB 
absorption--peaks  at  t  5-52  and  5-99,  J=12  cps--assigned  to  the  two  C  10  protons  which 
are  non- equivalent  by  virtue  of  an  adjacent  asymmetric  center.   The  observed  splitting 
implies  that  there  is  no  hydrogen  on  C  8. 
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A  second  product  of  the  acid  hydrolysis  of  XX  is  anhydrodihydrocatalpogenin  methyl 
ether  (XXIIl) ,  which  does  not  give  a  positive  Tollen's  test  as  does  XXI,  has  no  hydroxyl 
in  its  infrared  spectrum,  and  forms  no  acetate.   Such  ring  closures,  noted  in  the 
aucubin  series  (15)  (e.g.    VIIl) ,  are  best  explained  by  a  free  hydroxyl  group  at  the 
10  position  in  catalposide. 


In  catalposide,  one  of  the  oxygen  functions  of  the  aglucone  lies  in  an  ether  grouping, 
for  which  there  are  six  possibilities  (see  Figure  l)  after  the  presence  of  protons  at 
positions  1,  3>  ^  5  and  9  have  been  established.   Since  catapol  (XVl)  opens  on  base 
treatment  to  yield  XVIII,  the  ether  is  probably  an  epoxide  or  less  likely,  a  trimethylene 
oxide.   The  presence  of  an  epoxide  is  confirmed  by  the  positive  tests  given  by  catal- 
poside methyl  ether,  and  compounds  XX,  XVII,  and  XXI  to  the  specific  epoxide  reagent 
sodium  thiosulfate  (26).   Under  identical  conditions  trimethylene  oxide  and  methyl -a- 
D-glucoside  give  negative  tests.   Structure  C  is  thus  eliminated  since  it  should  be 
stable  to  basic  hydrolysis;  E  and  B  are  probably  excluded  as  they  are  not  epoxides. 
Substantiating  evidence  showing  B  to  be  an  impossible  structure  comes  from  the  n.m.r. 
spectrum  of  XXIII.   There  is  a  well  defined  multiplet  at  x  4.79>  assigned  to  the  protons 
on  C  1  and  on  the  ester  bearing  carbon,  which  is  resolvable  into  the  C  1  doublet  and 
another  signal  which  is  more  than  a  doublet,  implying  the  ester  bearing  carbons  proton 
must  be  coupled  with  more  than  one  neighboring  hydrogen.   Structure  B  requires  the 
hydroxybenzoate  group  to  be  at  C  7  in  order  to  accommodate  the  periodate  data  on  compound 
XVIII;  thus,  the  C  7  position  would  not  have  the  minimum  two  neighboring  protons. 

The  fact  that  the  aglucone  portion  of  XVI  does  not  react  with  periodate  favors  the 
absence  of  two  adjacent  hydroxyl  groups  in  XVI  and,  again  considering  structure  XVIII, 
A  and  probably  F  are  eliminated  as  possibilities.   Structure  F  is  further  ruled  out  as 
compound  XXIII  showed  no  hydroxyl  in  its  infrared  spectrum  and  gave  no  acetate — data 
inconsistent  with  F.   The  n.m.r.  spectra  of  I  and  XVI  show  signals  for  only  two  protons 
at  t  ^  7 »00,  corresponding  to  the  C  5  proton  and  epoxide  hydrogen  or,  perhaps,  the  C9 
proton  ( see  Table  I)  •   In  structure  F  one  would  expect  three  or  four  peaks  in  this 
region- -the  two  epoxide  protons  and  the  C  5  and  C  9  hydrogens.   Furthermore,  in  the 
spectrum  of  hexaacetylcatalposide  (XXIV)  seven  protons  appear  in  the  t  ^.59-5«50  region, 
assigned  to  protons  on  C  k,   CI,  CI',  and  the  four  secondary  acetylated  hydroxyl  groups. 
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Structure  F  has  five  secondary  hydroxyl  groups  and  thus  should  show  eight  protons  in  this 
region.   So  structure  D  is  left  as  the  correct  one,  consistent  with  the  other  n.m.r.  and 
chemical  evidence. 

The  Birch  reduction  of  catalposide  (10,  23)  to  "bisdeoxyaucubin  can  be  rationalized  by 
considering  initial  epoxide  reduction  and  dehydration  as  leading  to  a  A7  double  bond 
followed  by  loss  of  oxygen,  or  by  considering  the  epoxide  as  activating  the  C  6  and  C  10 
oxygens  sufficiently  for  their  hydrogenolysis  with  the  epoxide  itself  being  later  reduced 
and  dehydrated.   The  2,4-dinitrophenylhydrazone  derivative  of  catalpogenin  (XXV),  (10,23) 
can  be  rationalized  as  arising  from  an  epoxide-allyl  alcohol  rearrangement. 
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Thus,  structure  I  appears  to  be  the  correct  one  for  catalposide ;  the  relative 
stereochemistry  of  the  C  5,  C  T,  C  8,  and  C  9  centers  is  determined  by  structures 
VI  and  XXIII. 

TABLE  II 
N.M.R.  DATA 
Chemical  Shifts  (t)  and  Multiplicity     ref .  24 
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RECENT  INVESTIGATIONS  ON  MORPHINE  AND  RELATED  COMPOUNDS 
Reported  by  Richard  F.  Schimbor  November  19,  1962 

Introduction.  --  The  recorded  history  of  the  alkaloids  of  the  plant  Papaver 
somniferum  goes  back  to  the  ancient  Sumerian  and  Egyptian  civilizations  -where  they  were 
used  extensively  as  analgesics.  These  compounds  are  still  important  today,  not  only 
medicinally  and  chemically,  but  also  economically,  as  the  plants  in  which  they  are  found 
are  among  the  most  important  cash  crops  of  several  Asian  countries. 

Papaver  somniferum  is,  of  course,  the  technical  name  for  the  opium  poppy  and  the 
alkaloids  referred  to  above  are  thebaine  (I) ,  codeine  (II),  and,  the  most  important, 
morphine  (III) .  While  alkaloid  chemistry  was  really  born  with  the  isolation  of  morphine 


\j~CH3 


CH3O 


CH3O 


^N-CH- 


/\^V 


10 


III 


from  crude  opium  in  iQCk   by  Derosne,  this  compound  and  a  number  of  its  relatives  are 
still  being  intensively  studied,  and,  indeed,  the  total  synthesis  of  morphine  was  only 
effected  in  1952,  1^-8  years  after  its  original  isolation  (1)  , 

Research  today  is  no  longer  focused  on  the  structures  of  the  opium  alkaloids  and 
no  attempt  will  be  made  to  review  the  structure  proofs,  methods  of  synthesis  or  reactions 
of  morphine  and  related  compounds;  excellent  reviews  are  available  (2,  3*  ^) •  Present 
interest  centers  on  their  biogenesis  and  function  within  the  plant,  their  physiological 
effects,  and  the  mechanisms  by  which  these  effects  are  exerted. 

The  Biosynthesis  of  Morphine.  --  The  first  hypothetical  scheme  for  the  biosynthesis 
of  morphine  was  formulated  by  Gulland  and  Robinson  in  1925  (5) •  They  suggested  that 
this  important  alkaloid  arises  from  nor-laudanosoline  (IV)  and  that  this  compound  is 
formed  in  vivo  by  a  reaction  between  3j^-dihydroxyphenylacetaldehyde,  and  3,^-- 
dihydroxyphenylalanine  (with  the  former  arising  in  some  way  from  the  latter) . 


COOH 


The  proposal  of  this  "condensation"  reaction  had  been  first  advanced  by  Winter- 
stein  and  Trier  in  1910  (6) ,  but  Robinson  extended  their  proposal  by  pointing  out  that 
rotation  of  the  A  ring  of  a  tetrahydroisoquinoline  compound  of  this  type  by  l80°  about 
an  axis  passing  through  carbons  x  and  y  (see  diagram)  gave  a  close  structural  resemblance 
to  morphine.  Presumably,  it  was  this  structural 
resemblance  more  than  anything  else  which  led  jj 
Robinson  to  propose  nor-laudanosoline  as  a 
precursor  of  morphine,  since  it  had  not  up 
to  that  time  (nor  has  it  since)  been  iso- 
lated from  the  opium  poppy. 

It  is  relatively  easy  to  see  from  the 
structure  of  nor-laudanosoline  that  2 
cyclizations,  a  reduction  and  a  dehydration 
will  produce  a  morphine  type  structure. 
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This  was  as  far  as  Robinson  went;  in  particular,  he  did  not  speculate  on  the  origin  of 
the  oxide  bridge  or  of  the  methyl  groups  in  the  alkaloids. 

Although  Robinson  tried  for  a  number  of  years  to  duplicate  his  biogenetic  scheme 
in  the  laboratory,  all  his  attempts  to  produce  a  morphine  type  compound  by  oxidation 
of  laudanosoline  (V)  gave  only  dehydrolaudanosoline  (VI)  (7) • 


Very  little  else  was  done  to  prove  or  disprove  Robinson's  hypothesis  during  the 
next  30  years,  although  several  others  proposed  more  complete  biogenetic  schemes.  The 
most  likely  of  these  was  that  of  Barton  and  Cohen  (8)  who  elaborated  on  Robinson's 
work,  proposing  an  oxidative  coupling  mechanism  for  the  formation  of  morphine.   They 
suggested  that  after  the  formation  of  nor-laudanosoline,  the  next  step  in  the  pathway 
must  be  oxidation  by  some  one  electron  transfer  system  to  create  an  intermediate  di- 
radical  (VII)  which,  if  coupled,  would  yield  the  dienone  (VIII).  They  specifically 
did  not  rule  out  the  essentially  equivalent  mechanism  of  mono-radical  (Vila)  forma- 
tion and  attack  on  the  other  ring. 

The  nature  of  the  biological  one -electron  transfer  system  is  not  specified  in  the 
article,  but  presumably  a  cytochrome  or  some  similar  compound  might  be  involved. 
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Compound  VIII, Barton  proposed  would  then  undergo 
internal  attack  by  the  phenolic  oxygen  on  the  dienone 
system  to  produce  the  oxide  bridge  of  IX.   This  compound 
could  then  undergo  reduction  and  dehydration  to  give  a 
precursor  (X)  of  morphine,  codeine  and  thebaine,  in 
addition  to  neopin  and  oripavine. 


-  76  - 

In  the  scheme  above,  Barton  used  the  groups  R  and  R'  to  represent  some  part  of  the 
enzyme  surface  which  was  controlling  the  direction  of  reaction.  This  was  necessary, 
he  felt,  since  the  possibilities  for  Coupling  of  any  free  radicals  formed  are  vast  and 
not  restricted  to  the  formation  of  the  morphine  ring  system.   In  proposing  his  scheme, 
Barton  first  disproved  an  earlier  proposal  by  Schopf  (9)  that  radical  coupling  -would 
occur  first  to  form  the  ether  linkage. 

Several  other  laboratories  displayed  interest  in  the  problem  about  this  time, 
notably  those  of  Battersby  in  England,  Kleinschmidt  and  Mothes  in  Germany,  and  Leete 
in  the  U.S.  In  1958*  Battersby  and  Harper  (10)  showed  that  Papaver  somniferum  incorpor- 
ates relatively  -small  amounts  of  tyrosine -2-14C  into  morphine  and  that  exactly  one- 
half  the  label  appears  at  position  l6  in  the  molecule,  one  of  the  positions  expected  to 
be  labeled  if  the  nor-laudanosoline  schemes  were  correct.   It  may  be  noted  that  while 
the  specific  precursors  of  nor-laudanosoline  prescribed  by  Robinson  were  not  fed  to 
the  plant,  it  had  previously  been  shown  that  tyrosine  is  a  precursor  of  dihydroxy- 
phenylalanine  (11)  and  a  pathway  can  easily  be  written  for  the  conversion  of  the  latter 
to  dihydroxyphenylacetaldehyde. 

Leete  (12)  confirmed  Battersby fs  work  and  determined  that  the  other  half  of  the 
label  was  located  at  either  position  9  or  12.  On  the  grounds  that  no  biogenetic  scheme 
could  be  written  which  would  result  in  labeling  at  position  12,  Leete  decided  that 
position  9  must  bear  the  other  half  of  the  label.  Additionally,  he  was  able  to  show 
that  phenylalanine  was  a  precursor  of  morphine,  but  that  it  was  not  as  efficient  as 
tyrosine,  indicating  that  it  is  converted  to  tyrosine  before  incorporation.   This  is 
not  surprising  since  the  biosynthetic  relationship  between  these  two  amino  acids  is 
well  known  (13) . 

Further  confirmation  for  Robinson's  proposal  followed,  when  Battersby,  et  al.  (Ik)  , 
completely  degraded  the  morphine  obtained  on  feeding  of  tyrosine,  and  determined  the 
exact  disposition  of  the  label.  The  degradation  scheme  used  is  presented  below. 
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By  means  of  the  scheme  shown,  Battersby  proved  that,  within  the  limits  of  experi- 
mental error,  one -half  the  label  incorporated  into  morphine  from  tyrosine  was  located 
in  the  16  position  and  one  half  in  the  9  position,  just  as  Robinson's  scheme  would 
predict.   Furthermore,  the  lack  of  activity  in  the  rest  of  the  molecule  indicated  that 
tyrosine  was  being  used  intact  (or  in  one  of  a  number  of  closely  related  forms  which 
can  be  considered  as  "biologically  equivalent").  This  was  important,  since  it  proved 
that  tyrosine  was  not  being  extensively  converted  to  some  significantly  different 
compound  which  was  the  actual  precursor.   Such  a  pathway  would  result  in  spreading  of 
the  label  to  other  positions. 

These  results  of  Battersby  and  Leete,  coupled  with  analogous  work  by  KLeinschmidt 
(15)  on  the  compound  narcotoline  (XI)  (also  found  in  P.  Somniferum)  appeared  so 
irrefutable  that  both  Battersby  and  Leete  seemed  justified  in  assuming  that  they  had 
proved  Robinson's  biogenetic  prediction  of  the  mode  of  biosynthesis  of  morphine,  and, 
more  important,  had  foreshadowed  possible  relationships  in  the  biogenesis  of  a  number 
of  other  alkaloids. 

Battersby  (16)  pointed  out  that  nor-laudanosoline  (IV)  might  also  serve  very 
effectively  as  a  biological  precursor  of  laudanosine  (XII)  and  papaverine  (XIII) ,  which 
occur  together  in  the  opium  poppy,  as  well  as  other  alkaloids  like  berberine  (XIV)  and 
canadine  (XV) .  It  is  not  difficult  to  imagine  that  it  is  also  an  intermediate  in  the 
biosynthesis  of  the  cularine  alkaloids  (XVI),  the  bis-benzylisoquinolines  (like 
tubocurarine, XVII)  and  the  aporphines  (XVIII)  as  was  proposed  by  Robinson  (17). 
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In  i960,  to  complete  the  proof  of  the  Robinson  scheme,  Battersby  (18)  demonstrated 
that  when  nor-laudanosoline  labeled  in  position  1  was  fed  to  opium  poppies,  morphine 
labeled  solely  in  the  9  position  was  isolated.   This  same  experiment  yielded  radio- 
active papaverine,  which  seemed  to  confirm  the  intermediacy  of  nor-laudanosoline  in  its 
biosynthetic  pathway.  Since  then  Battersby  has  shown  that  tyrosine  is  incorporated  into 
papaverine  and  that  the  labeling  corresponds  to  that  which  would  be  expected  if  a  nor- 
laudanosoline  intermediate  occured.   In  the  same  year,  Battersby  and  Harper  (19) 
measured  the  rate  of  incorporation  of  radioactivity  into  morphine,  codeine  and  thebaine 
from  radioactive  tyrosine  -2-14C.   It  was  found  that  the  activity  moved  rapidly  into 
the  thebaine  fraction,  less  rapidly  into  codeine,  and  slowest  into  morphine.   This 
suggested  that  thebaine  might  be  the  direct  precursor  of  the  other  two  alkaloids. 

Rapoport  (20)  observed  the  same  phenomenon  in  poppies  grown  under  carbon  dioxide- 
14C  and  also  performed  experiments  which  firmly  established  the  primary  role  of  thebaine 
among  the  opium  alkaloids  (21) .  He  showed  that,  when  randomly  labeled  thebaine  was 
administered  to  the  plant,  labeled  codeine  and  morphine  were  formed,  but  that  randomly 
labeled  codeine  was  converted  only  to  morphine  and  randomly  labeled  morphine  gave  rise 
to  neither  of  the  other  two  alkaloids  under  the  same  conditions.   Therefore,  it  appeared 
that  the  biosynthetic  scheme  of  Barton  must  be  amended  to  indicate  that  the  order  of 
formation  of  these  alkaloids  was  thebaine-^codeine-^morphine.   Of  greater  importance,  it 
provided  new  insight  into  the  biological  function  of  these  alkaloids  and  of  alkaloids 
in  general. 

It  had  formerly  been  proposed  (22)  and  widely  accepted  that  fully  methylated 
alkaloids  were  biological  end  products  and  served  merely  as  storage  materials.  Rapoport, 
however,  concluded  from  his  results  and  from  the  rapid  rate  of  synthesis  and  inter- 
conversion  of  the  morphine  alkaloids  that  the  opposite  was  true :  that  O-demethylation 
represents  an  important  metabolic  pathway,  that  these  reactions  may  be  of  great  signi- 
ficance in  the  total  metabolism  of  the  plant,  and  that  they  may  hold  the  key  to  the 
question  of  alkaloid  function.  He  presented  further  evidence  for  his  theory  of  the 
importance  of  thebaine  as . the  primary  alkaloid  of  the  morphine  group  by  citing  the 
fact  that  among  all  Papaver  species  containing  any  of  these  alkaloids,  only  thebaine 
was  ubiquitously  distributed  (23)  . 

Rapoport  also  felt  that  his  (and  Battersby' s)  results  made  it  mandatory  that  nor- 
laudanosoline  be  methylated  before  ring  closure  occurs,  since  the  biosynthesis  of  the 
less  methylated  alkaloids  proceeds  through  the  methylated  thebaine.  Although  Barton 
maintained  that  the  stage  for  methylation  is  not  important,  Rapoport' s  results  are  not 
really  inconsistent  with  Barton's  scheme  if  one  assumes  that  the  latter 's  R  and  R' 
represent  methyl  groups  rather  than  points  of  attachment  to  the  enzyme. 

Therefore,  it  seemed  by  the  end  of  i960  that  the  entire  scheme  for  the  biosynthesis 
of  morphine  was  known.  Battersby  felt  that  he  had  already  shown  that  the  origin  of  the 
methyl  groups  in  the  opium  alkaloids  was  methionine,  since  this  served  as  an  effective 
precursor,  whereas  formate  was  a  poor  precursor  and  choline  virtually  ineffective  (2*0  . 
This  work,  coupled  with  the  tyrosine  incorporation  studies  on  the  origin  of  the  morphine 
skeleton,  seemed  to  complete  the  picture. 

However,  in  I96I,  Rapoport  expressed  skepticism  about  the  results  obtained  by 
Battersby,  Leete  and  Kleinschmidt,  particularly  the  low  level  of  incorporation  of 
labeled  tyrosine  and  the  stress  placed  upon  the  equal  distribution  of  this  label  between 
the  two  points.   The  results  of  Leete  for  labeled  tyrosine  show  only  0.23$  incorporation 
of  specific  activity  into  morphine.   (Battersby  had  not  yet  published  his  results  on 
this  experiment .) Rapoport  maintained,  since  incorporation  of  2  to  3$  of  labeled  precursors 
had  been  observed  in  other  experiments  of  this  type,  that  levels  which  differ  sig- 
nificantly from  these  are  of  questionable  validity. 

He  also  pointed  out  (25)  that,  in  order  for  the  labeling  pattern  observed  by 
Battersby  to  be  the  theoretical  distribution 

from  tyrosine,  either  2  identical  molecules       [^\y\|  r^^V^^i 

must  be  condensing  directly  or  there  is  an      R ~r~  |l    1    ^^  R~l   1|    'I 
intermediate  somewhere  along  the  pathway  \^  ^  ^/  J^ 

which  becomes  symmetrical,  making  the  two 
positions  equivalent.  He  proposed  ^hat 
XIX  might  be  such  an  intermediate.  If  one 

of  these  requirements  is  not  satisfied,  he  XIX 

maintained,  one  would  not  expect  an  activity 
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ratio  of  1  to  1  for  positions  9  and  l6,  since  the  metabolic  pool  sizes,  and  therefore 
the  specific  activities  of  the  precursors  could  be  expected  to  differ  considerably. 
Additionally,  the  low  levels  of  incorporation  suggested  to  him  that  the  tyrosine  path- 
way might  be  only  one  of  several  pathways  to  morphine ;   possibly  not  even  the  most 

important . 

To  check  this  hypothesis,  he  once  again  grew  Pap,  somniferum 
in  the  presence  of  carbon  dioxide  — 4C  and  isolated  the  morphine 
produced .   This  time  he  degraded  it  to  obtain  the  total  label  in 
each  of  the  two  hypothetical  tyrosine  units  (XX)  using  the  scheme 
shown. 
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If  the  label  in  A  were  equal  to  that  in  B  then  presumably  one  of  the  previous  conditions 
had  been  met.  In  fact,  the  ratio  of  the  label  in  A  to  that  in  B  was  2  to  1  and  not  1 
to  1.  From  this,  Rapoport  concluded  that  morphine  is  not  formed  by  the  combination  of 
2  identical  molecules  and  that  a  symmetrical  intermediate  is  not  involved,  and  that 
the  incorporation  of  label  from  tyrosine  might  be  due  to  a  minor  or  aberrant  pathway. 

Furthermore,  Kleinschmidt  and  Mothes  (26) ,  who  had  performed  some  of  the  early 
work  on  tyrosine  incorporation  (15) ,  reexamined  their  results  and  showed  that  when 
labeled  glucose  and  sucrose  are  given  to  the  opium  poppy,  the  alkaloids  are  more 
heavily  labeled  than  when  tyrosine  is  given.  Of  course,  tyrosine  still  could  be  an 
intermediate  in  these  experiments,  since  conversion  of  glucose  to  tyrosine  through 
shikimic  acid,  prephenic  acid,  etc.  is  well  documented  (27).  However,  the  relative 
levels  of  incorporation  seem  to  deny  this  possibility.  Another  possibility  is  that  the 
rates  of  absorption  of  the  substrates  by  the  plant  may  be  significantly  different  and 
may  account  for  the  effect  observed. 

Battersby  has  very  recently  published  his  tyrosine  feeding  experiments  in  complete 
form  (28)  and  has  defended  his  work  against  Rapoport' s  criticisms.  He  reports  tyrosine 
incorporation  of  0.66  to  1.7$  into  morphine  and  of  2.2  to  3° 9%  into  the  total  alkaloid 
fraction.  He  attributes  the  quantitative  differences  between  his  results  and  those  of 
the  other  workers  (Leete  and  Kleinschmidt)  to  a  different  method  of  administration  of 
the  labeled  substrate  to  the  plant.  He  discusses  each  of  Rapoport1 s  objections  at 
length,  pointing  out  that  the  level  of  incorporation  in  any  experiment  of  this  type  is 
greatly  dependent  on  the  method  of  administration  and  that  the  level  of  incorporation 
which  he  observes  is  much  higher  than  Rapoport  obtains  from  carbon  dioxide. 

Battersby  agrees  with  Rapoport  that  the  latter fs  results  prove  that  nor-laudano- 
soline  is  not  formed  by  the  condensation  of  two  identical  molecules  and  that  no  sym- 
metrical molecule  is  present  on  the  pathway.   However,  he  maintains  that  this  in  no 
way  makes  his  results  less  significant,  and  that  Rapoport' s  results  do  not  mean  that 
the  pathway  involving  tyrosine  is  at  all  minor  or  aberrant.   As  partial  proof  of  this, 
he  presents  a  hypothetical  scheme  for  the  interconversion  of  tyrosine  and  related  com- 
pounds and  cites  evidence  or  analogies  for  each  reaction. 


80  - 


CH2C-C00H 


NH2 
I 
CH2CHC00H 


co2 


CH2CC00H 


HO 


OH 


CH2CH2NH2 


nor-laudansoline 


He  maintains  that  activity  frcm  carbon  dioxide  will  move  slowly  along  the  scheme 
and  that  some  of  the  intermediates  will  become  labeled  earlier  than  others.  There- 
fore, it  is  probable  that  during  the  early  stages  of  the  metabolic  period,  one  of  the 
2  compounds  which  is  condensing  to  form  nor-laudanosoline  will  be  more  heavily  labeled 
than  the  other  and  therefore,  an  overall  ratio  of  2  to  1  or  more  for  the  two  halves  is 
not  surprising.  He  also  points  out  that  there  are  several  other  possible  explanations 
which  account  for  the  results;  among  them,  pool  sizes,  relative  amounts  of  free  and 
bound  forms  of  a  compound,  and  the  use  of  intermediates  for  other  purposes  within  the 
cell. 

In  conclusion  it  seems  quite  probable  now  that  Robinson's  scheme  has  been  shown 
to  be  operative,  with  the  restrictions  imposed  by  Rapoport's  experiments.   It  still 
remains  to  be  seen  exactly  which  of  the  tyrosine -like  compounds  is  actually  being 
incorporated  into  morphine  and  what  is  the  precise  mechanism  of  the  oxidative  coupling 
step.  The  real  significance  of  the  work  which  has  been  done  may  extend  far  beyond 
these  problems,  however,  if  it  provides  a  key  to  understanding  the  function  and  bio- 
synthetic  properties  of  alkaloids  in  general, 

Pharmacological  studies.  —  The  gross  physiological  effects  of  morphine  have  long 
been  a  subject  of  interest.  Its  analgesic  properties  have  been  most  thoroughly 
investigated,  but  its  pronounced  effect  on  respiration,  depression  of  acetylcholine 
and  17-hydroxycorticosteroid  biosynthesis,  induced  hyperglycemia  and  production  of  a 
so  called  "euphoric"  state  are  all  matters  of  importance  to  a  thorough  understanding 
of  the  action  of  the  drug  and  as  such  have  been  studied  and  documented  fairly  exten- 
sively. The  biochemical  mechanisms  by  which  these  effects  occur,  however,  have  been 
virtually  unknown  until  recently. 

In  1956  Beckett  (29),  in  presenting-  a  generalized  theory  of  analgesic  properties 
and  receptor  sites,  pointed  out  that  the  analgesic  properties  of  morphine  change  to 
anti -analgesic  properties  as  the  N-Me  group  is  changed  successively  to  N-Et,  N-n- 
propyl,  and  N-allyl.  He  proposed  that  this  effect  was  due  to  an  increase  in  the 
difficulty  of  N-dealkylation,  which  he  assumed  to  be  the  first  step  leading  to  analgesia, 
N-Dealkylation  is  a  well  known  metabolic  reaction  (50)  and  this  observation  was  based 
not  merely  on  the  morphine  alkaloids  but  also  on  several  other  drugs  possessing  N-Me 
groups.   Since  the  N-alkyl  morphine  derivatives  not  only  showed  no  activity  but  were 
actually  antagonistic  to  the  analgesic  properties  of  morphine,  it  seemed  likely  to 
Beckett  that  they  competed  for  some  enzyme  or  site  involved  early  in  the  production  of 
analgesia  and  he  proposed  the  following  scheme  to  account  for  this  effect: 
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where  A  represents  the  analgesic  administered,  S  is  the  receptor  site  and  X  represents 
the  agent  causing  analgesia  or  a  precursor.  Presumably,  anti -analgesic  activity 
represents  competition  for  the  site  S.  If  the  concentration  of  A  is  small,  not  all 
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the  receptor  sites  -will  be  filled,  there  will  be  a  decreased  rate  of  formation  of  X 
and,  therefore,  a  reduced  analgesic  response. 

During  the  same  year,  Axelrod  (31)  reported  a  striking  parallelism  between  the 
enzymatic  N-demethylation  of  narcotic  drugs  and  the  development  of  tolerance  to  these 
drugs.   In  rats,  which  had  been  given  morphine  daily  for  35  days  and  had  developed  a 
strong  tolerance  to  the  drug,  the  ability  to  demethylate  morphine  was  greatly  reduced. 
Thus,  the  repeated  administration  of  morphine  decreased  both  the  enzymatic  demethyla- 
tion  and  the  pharmacological  response.  Axelrod  was  led  to  propose  on  the  basis  of 
these  findings,  that  the  active  site  of  drug  action  and  the  enzyme  involved  in  demethyla- 
tion  were  very  similar  in  structure  and  the  explanation  for  the  development  of 
tolerance  was  inactivation  of  the  receptor  site  by  the  drug. 

The  metabolic  conversion  of  morphine  to  nor-morphine  (i.e.  N-demethylation)  had 
previously  been  investigated  by  other  methods.  March  and  Elliott  (32)  showed  in  vivo 
the  production  of  carbon  dioxide  —  4C  from  morphine  N-methyl— 14C,  and  Axelrod  (33) 
found  that  formaldehyde  could  be  isolated  when  the  same  reaction  was  carried  out  in 
vitro  using  an  enzyme  from  liver.  Misra  (3^-)  has  been  able  to  further  demonstrate 
demethylation  by  feeding  tritium-labeled  morphine  and  showing  the  production  of 
tritium-labeled  nor-morphine  in  rats. 

Rapoport,  et  al.  (35)  in  an  attempt  to  substantiate  the  importance  of  N-dealkyla- 
tion  at  the  central  receptor  site,  noted  that  if  the  rate  of  demethylation  were  dependent 
on  the  ease  of  oxidative  breaking  of  the  C-H  bond  and  if  the  biological  function  were 
closely  connected  with  N-demethylation,  then  introducing  a  trideuterated  methyl  group 
on  the  nitrogen  would  similarly  affect  both  phenomena. 

Their  results  showed  that,  in  mice,  the  trideuterated  compound  possessed  sig- 
nificantly less  analgesic  potency  than  the  parent  compound,  but  there  was  no  difference 
in  the  time  of  onset  or  the  duration  of  the  effect.  The  latter  observation  means  that 
the  decrease  in  potency  can  not  be  explained  by  differences  in  the  rate  of  absorption 
or  passage  through  the  body  exhibited  by  the  two  compounds.  The  investigators  also 
determined  the  kinetic  isotope  effect  for  the  reaction  in  vitro  as  lA  and  showed  that 
the  ratio  of  the  rates  of  demethylation  for  the  deuterated  and  undeuterated  compounds 
correlates  pretty  well  with  the  ratio  of  analgesic  potencies  (doses  of  each  drug 
required  to  produce  the  same  effect)  of  the  drugs  in  question.  However,  it  must  be 
noted  that  KmD  (the  Michaelis  Constant  for  the  deuterated  morphine)  is  greater  than 
KmH  indicating  a  greater  affinity  for  the  demethylating  enzyme  by  the  more  potent  of 
the  two  compounds.  Thus,  the  differences  in  potency  may  be  due  simply  to  this  effect 
and  have  nothing  to  do  with  demethylation. 

Additional  work  on  this  subject  has  come  from  Zalucky  and  Hite  (36)  who  have 
rationalized  the  differences  in  the  physiological  properties  of  codeine  and  1^- 
hydroxycodeine  by  postulating  an  effect  of  the  lk   hydroxyl  on  the  oxidation  of  the  N- 
methyl  group.  They  report  optical  rotatory  dispersion  studies  which  show  that  the  Ik 
hydroxyl  hydrogen  bonds  with  the  nitrogen  and  they  speculate  that  this  hydrogen 
bonded  oxygen  is  able  to  facilitate  the  N-dealkylation  reaction.  This  suggestion  has 
not  been  confirmed. 

There  is  also  some  evidence  against  the  involvement  of  N-dealkylation  in  production 
of  morphine  analgesia.  Miller  and  Elliott  have  shown  (37)  that  morphine -N-methyl— 14C 
and  c ode ine -N-methyl— 14C  when  administered  to  rats  are  90$  undemethylated  one-half 
hour  after  administration  i.e.  after  analgesia  has  already  set  in.  This  can  be  explained 
by  the  Beckett  hypothesis  if  one  assumes  that  only  a  small  number  of  the  molecules 
which  penetrate  to  the  central  nervous  system  are  required  for  analgesic  activity. 
Another  point  sometimes  brought  up  against  this  theory  is  that  nor  compounds  do  not 
show  the  same  activity  as  the  parent  molecules  when  administered  in  the  same  way. 
This  is  not  a  valid  criticism,  however,  since  differences  in  solubility,  permeability 
and  chemical  reactivity  between  the  parent  compound  and  its  demethylated  derivative 
could  account  for  any  physiological  differences. 
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THE  BIOSYNTHESIS  OF  BRANCHED  CHAIN  FATTY  ACIDS 
Reported  by  W.  P.  O'Neill  November  26,  1962 

Branched -Chain  Fatty  Acids,  —  While  the  majority  of  fatty  acids  in  nature  con- 
tain straight  chains,  a  number  of  branched -chain  fatty  acids  and  their  apparent 
derivatives  are  also  known.  A  few  are  found  in  animals  and  plants,  but  most  of  the 
work  on  their  biosynthesis  has  been  done  with  microorganisms. 

The  branched -chain  fatty  acids  can  be  divided  into  those  with  branches  containing 
only  a  single  carbon  and  those  with  longer-chain  branches.  Those  with  single-carbon 
branches  include:  a)  methyl -branched  fatty  acids,  including  those  with  only  one  branch 
like  a-methylbutyric  acid  (I)  from  an  intestinal  helminth  (1),  and  tuberculostearic 
acid  (II)  from  Mycobacteria  (2);  and  those  with  repeating  branches  with  one  or  three 
methylene  groups  between  adjacent  methyl  branches,  e.g. ,  phthienoic  acid  (III)  (3) 
from  Mycobacteria  and  3,7,ll,15-'tetramethylhexadecanoic  acid  (IV)  from  butterfat  (k)  ; 
b)  the  cyclopropane  acids  of  bacteria,  e_jg.  lactobacillic  acid  (V)  (5) ,   and  the 
cyclopropene  acids  of  plants,  e.g.  sterculic  acid  (VI)  (6). 

CH3  CH3  CH3    CH3  CH3 

CH3-CH2-CH-COOH       CH3-(CH2)7~CH-(CH2) 8-COOH     CH3-(CH2) 17-CH-CH2-CHCH=C-COOH 

I  II  III 

CH3  CH3  CH2  CH2 

CH3-(  CHCHs-CHa-CH^aCH-CHs-COOH    CH3(  CH2)  5CH—  CH-(  CH2)  9COOH    CH3(  CHa)  7C=C-(  CH2)  7COOH 

IV  V  VI 

Corynomycolic  acid  (VII)  (7,  8)  from  a  Corynebacterium  is  representative  of 
the  longer -branch  fatty  acids. 

OH 

CH3-(  CH2)  X4-CH-CH-C00H 

VII      ^14^29 

Biosynthesis  of  Fatty  Acids.  --  Since  many  of  the  schemes  used  to  explain  branched  - 
chain  fatty  acid  biosynthesis  have  as  the  starting  point  a  long-chain  saturated  or 
unsaturated  fatty  acid,  the  current  conclusions  (9,  10)  on  the  biosyntheses  of  these 
compounds  in  most  biological  systems  are  summarized  below 

Saturated  Fatty  Acid  Biosynthesis • * 

1)  COs+Ac -CoA+ATP  ^  Mal-CoA+ADP+iP 

2)  Ac-CoA+Ma.l~CoA^±Acetoacetyl-CoA+C02+CoAH 

3)  Acetoacetyi-CoA+TPNH+H  ^  p-Hydroxybutyryl-CoA+TPN-* 
h)   B -Hydroxybutyryl-CoA^a,p -Butenoyl-CoA+H20 

5)  a,p-Butenoyl-CoA+TPNH+H^ ^ Butyryl-CoA+TPN^ 

6)  Condensation  of  the  saturated  acyl-CoA  with  Mal-CoA 

7)  Repetition  of  steps  3-6  several  times. 

Only  saturated  acyl-CoA  esters ,   not  the  B -hydroxy,  B-keto,  or  a, B -unsaturated 
acyl-CoA  esters  condense  with  Mal-CoA  (9) . 


*In  this  paper  the  abbreviations  used  are:   coenzyme  A  (CoAH),  acetyl  coenzyme 
A  (Ac-CoA) ,  malonyl  coenzyme  A  (Mal-CoA) ,  adenosinetriphosphate  (ATP) ,  adenosine- 
diphosphate  (ADP) ,  inorganic  phosphate  (iP) ,  triphosphopyridine  nucleotide  (TPN) ,  and 
S-adenosyl -methionine  (AMe) . 
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Unsaturated  Fatty  Acid  Biosynthesis; 

a)  In  liver  and  yeast  (11,. 12),  and  to  some  extent  in  Mycobacteria  (13),  mono- 
unsaturated  fatty  acids  are  formed  by  an  oxygen  dependent  (aerobic)  oxidation  of 
saturated  fatty  acids  of  the  same  chain  length. 

b)  In  true  bacteria,  both  aerobic  and  anaerobic,  the  double  bonds  are  introduced 
anaerobically  during  the  chain  lengthening  process  (1^) .   For  many  bacteria  this 
apparently  involves  chain -lengthening  of  decanoate  or  octanoate  CoA  esters  by  way  of 
their  p, 7 -unsaturated  intermediates  (lk-l6) . 
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Steps  1-3  above  •»  R-CH2-CH»CH2-C~CoA 
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'■^&->  R-CH=CH-CH2-C-CoA 


+  Mai -CoA, 
-COp      ' 


ft    ft 

R-CH=CH-CH2-C-CH2-C-CoA 


steps  3~6  above_ 


R-CH=CH-(  CE2)  n-COOH 


Methyl -branched  Fatty  Acids.  A,  Propionate  Pathway .  —  Three  basic  biosynthetic 
pathways  for  methyl -substituted  fatty  acids  and  their  derivatives  have  been  demon- 
strated .  The  most  general  pathway  involves,  in  effect,  the  condensation  of  a  normal 
fatty  acid  in  the  a-position  of  a  molecule  of  propionic  acid  (17-21) .  This  has  been 
demonstrated  in  its  simplest  form  in  the  biosynthesis  of  a-methylbutyric  acid  (I) 
(a-MB) ,  the  major  product  of  muscle  tissue  of  the  anaerobic  intestinal  helminth 
Ascaris  lumbricoides  (1)  0 

The  position  of  the  labels  in  a-MB  was  determined  by  the  following  degradation 
scheme  (l)  . 
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The  biogenetic  scheme  which  was  deduced  (1)  is  shown  below  along  with  the 


labeling  observed  in  experiments  with  various  labeled  substrates , 
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Since  a-acetolactate  (VIII)  derived  from  pyruvate 
in  Ascaris  muscle  homogenates  (22)  has  the  same  carbon 
skeleton  as  a -MB  and  is  known  (22)  to  be  reduced  by 
Ascaris  extracts  in  the  presence  of  DPNH,  it  was 
suggested  as  a  precursor  of  a-MB„   If  acetolactate 
were  an  intermediate,  one  would  expect  that  lactate - 
2-14C  (IX)  would  give  a-MB  extensively  labeled  at  C-2 
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and  C-3;  however,  it  was  observed  that  only  C-3  is 

heavily  labeled  under  these  conditions  (l) .   Succinic  acid-l-14C  (X)  leads  to  carboxyl 
labeled  propionate  and  a-MB,  suggesting  that  the  carboxyl  of  a-MB  arises  from 
propionate  (l) .  Acetate-l-i4C  labels  principally  C-3  of  a-MB  and  acetate-2-14C  labels 
C-k   of  a-MBo  Propionate ~1-, -2-,  and  -3-14C  lead  to  labeled  a-MB  corresponding  to  the 
products  of  a  biosynthetic  scheme  involving  condensation  of  acetate  on  the  a-carbon  of 
propionate,  probably  as  acetyl-CoA  and  methylmalonyl-CoA. 
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Erythromycin  (XIII)  contains  a  branched -chain  lactone  ring  called  erythronolide  made 
up  entirely  of  repeating  3-carbon  units  -{— C-C)-  (23)  . 
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Washed  resting  Streptomyces  erythreus  cells  incorporate  the  carbon  of  propionate- 
1-,  and  -2-14C  into  XIII  approximately  6o   and  35  times  more  effectively  than  succinate - 
1,4-14C  and  -2,3-14C,  respectively,  and  600  and  250  times  more  effectively  than  acetate- 
1-  or  -2-14C,  respectively  (2^)„  Kuhn-Roth  degradation  (25)  of  the  erythronolide  showed 
that  C-l  of  propionate  was  incorporated  only  in  carbons  not  involved  in  branching 
(methyl  groups  or  their  attached  carbon  atoms) ,  whereas  C-2  was  incorporated  largely 
into  the  carbons  bound  to  methyl  groups  {2k)  „  Propionic  acid  produced  by  the  oxidation 
of  the  terminal  C-13,  1^,  and  15  indicated  that  propionate  is  incorporated  without 
randomization  of  carbon.  Similar  studies  by  Grisebach  (26)  and  by  Vanek  (27)  have  led 
to  the  same  conclusions. 

Formate -14C  and  methionine  (14CH3)  label  only  the  sugars,  not  the  erythronolide 
(28). 

Propionate -l-14C-3-3H  incubated  with  S.  erythreus  decreased  in  C/T  ratio  only  1^- 
25$  (29,  30)  upon  formation  of  erythromycin.  When  this  labeled  product  was  degraded  by 
Kuhn-Roth  procedures,  more  than  9&?o   of  each  isotope  was  found  in  the  position  predicted 
for  formation  of  erythronolide  from  seven  propionic  acid  units  as  shown  by  the  dotted 
lines  in  XIII  ( 29) . 

Acetate -1-  C  is  also  incorporated  (30)  into  the  l-,3-,5-,' • •   positions  of  the  lac- 
tone ring,  the  same  positions  as  propionate -1-14C  (26) ,  though  less  effectively.  These 
results  are  reasonable  if  the  lactone  ring  can  be  synthesized  from  acetate -1-14C  by  way 


of  succinate-1,^-  C  and  methy!malonyl-CoA-l-14C  (26,  30) . 
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Corcoran  (32,  33)  and  Grisebach  (jk  ,   35)  have  shown  that  with  propionate -1-14C  as 
labeled  precursor  the  average  preterminal  C3  unit  is  much  less  labeled  than  is  the 
terminal  (C-13,l4,15)  group.   Conversely,  with  a-methylmalonate-1-  or  -2-14C  as  pre- 
cursor the  terminal  C3  unit  is  only  28/0  as  labeled  as  the  average  preterminal. 

After  work  on  erythromycin  had  indicated  propionate  as  a  precursor  of  that  macrolide, 
Birch,  et_al. ,(36-3^, studied  methymycin  biosynthesis  by  Streptomyces  venezuelae. 
Methionine=(14CH3)  was  incorporated  solely  in  the  N-methylated  desosamine  moiety,  not 
in  the  carbon  skeleton  of  the  lactone  ring.  Acetate -1-14C  was  poorly  incorporated  into 


the  antibiotic  with  extensive  randomization  of  label.  Propionate -l»i<4C  was  utilized 
(2.5$)  as  a  unit  with  negligible  randomization  of  label. 
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The  acetic  acid  resulting  from  the  Kuhn-Roth  oxidation  of  the  lactonic  acid 
derived  from  propionate -1-14C  was  essentially  free  of  radioactivity.  Assuming  an 
equal  distribution  of  activity  among  the  incorporated  propionate  units,  as  has  been 
observed  in  the  analogous  case  of  acetate  derived  compounds,  the  assay  results  upon 
degradation  indicate  strongly  that  the  antibiotic  aglycone  is  elaborated  from  five 
propionate  units  and  one  acetate  at  Cy_8  ( 3^) • 
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Grisebach,  using  propionic  acid  -2-14C-5-3H  {35),   demonstrated  that  the  methyl 
group  at  C-lOa  of  magnamycin  (KB/)  as  well  as  the  carbons  9  and  10  can  be  traced  to 
propionic  acid  for  Streptomyces  halstedii.  The  propionic  acid  is  certainly  incor- 
porated via  methylmalonyl-CoA  ( 39) » 
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The  Kuhn-Roth  derived  acetic  acid  from  magnamycin  and  the  C12-degradation  acid  XV 
had  14C/3tj  identical  to  the  propionic  acid  added  „   The  total  14C-  activity  is 


localized"in  the  C-10  of  the  C12  acid  and  80^  of  the  %  is  found  in  the  C-lOa  methyl. 

Acetate-l-14C  incorporation  in  magnamycin  indicates  that  only  seven  acetate  units 
are  incorporated  into  the  lactone  ring  including  the  0-acetyl  group.  This  is  con- 
trary to  the  hypotheses  that  the  aldehyde  function  arises  by  rearrangement  of  a  C19 
methylated  polyacetate  precursor  {ho)  ,   or  that  the  lactone  is  formed  by  combination 
of  two  methylated  polyacetate  chains  (kl)  ,  but  it  lends  support  to  the  hypothesis 
that  carbons  5-8  originate  from  succinate. 

Further,  glucose -U-14C  yields  an  activity  of  XV  20$  greater  than  calculated 
for  uniform  distribution  and  the  activity  of  carbon  atoms  10,  10a,  YJ ,   18  and  the 
0-acetyl  is  much  lower  than  expected  for  uniform  distribution.  Therefore,  the  major 
part  of  the  activity  from  glucose -U-14C  must  be  localized  in  carbons  5-8  (35)  and  these 
carbons  are  apparently  derived  from  some  four  carbon,  product  of  carbohydrate  meta- 
bolism. 

Birch,  Djerassi,  Dutcher,  et  al.  (42) ,  have  used  the  current  knowledge  of 
biosynthesis  in  determination  of  the  partial  structure  of  nystatin,  C46H7501e_i9N, 
a  polyene  macrolide  produced  by  Streptomyces  noursei.  By  the  use  of  14C -labeled 
precursors,  the  aglycone  nystatinolide  C40H64015-16  was  shown  to  be  derived  from 
three  propionate  and  sixteen  acetate  units  and  not  from  mevalonate  ( see  below) . 
The  combined  results  of . biosynthetic  and  chemical  studies  allowed  the  formulation  of 
the  hypothetical  structure  XVI  for  nystatin. 
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It  has  been  reported  (k-3)    that  Grisebach  has  shown  propionic  acid  incorporation  in 
good  yield  into  mycocerosic  acid  (XVII)  by  a  non-virulent  Mycobacterium. 

CH3-(  CH2)  i9-(  CH-CH2)  s-CH-COOK 

CH3      CH3  xvjj 

B.  Mevalonate  Pathway.  --  A  second  type  of  methyl-substituted  fatty  acid  arises 
from  the  oxidation  of  allyl  pyrophosphates  ( XVIII)  intermediates  in  the  biosynthesis  of 
terpenes  and  steroids  (kh)    from  acetate  by  way  of  mevalonate. 
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The  allyl  pyrophosphates,  as  was  demonstrated  in  vitro  and  in  vivo  for  3,3- 
dimethyl  allyl  (XVI II  pc=l)  ,  geranyl  (x=2)  and  farnesyl  (x=3)  pyrophosphates,  can  be 
irreversibly  dephosphorylated  into  free  prenols  (XIX)  by  a  mammalian  liver  microsomal 
pyrophosphatase,  and  oxidized  by  liver,  but  not  yeast  alcohol  dehydrogenose  (kk) . 
The  final  step  demonstrated  was  the  oxidation  by  aldehyde  dehydrogenase  to  the 
prenoic  acids  (XX.)  ..  A  similar  pathway  and  subsequent  reduction  of  the  carbon-carbon 
double  bonds  could  account  for  the  origin  of  3>7AlA5-"tetramethyl-hexadecanoic 
acid  IV     (x  =h)   which  constitutes  0.05$  of  the  fatty  acids  in  butter  fat  (k) . 


C.  Methionine  Pathway.  —  Birch  (36,  4-5)  suggested  a  third  mode  of  methyl -branched 
fatty  acid  biosynthesis  which  consists  of  fixation  of  a  methyl  group,  from  methionine, 
into  a  fatty  acid  chain  derived  from  acetate  units . 
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This  type  of  reaction  occurs  frequently  in  other  pathways  but  in  methyl -branched 
fatty  acid  biosynthesis  has  been  demonstrated  only  in  the  case  of  10 -methyl  stearic  acid 
(XXI)  product! on  by  Mycobacterium  phlei  (13)  . 

Biosynthesis  of  Cyclopropane  Fatty  Acids.  --  Lactobacilli  acid  (V)  ,  cis-11,12- 
methyleneoctadecanoic  acid,  was  discovered  by  Hofmann  (5,  k6)    in  the  lipids  of 
Lactobacillus  arabinosus ,  and  subsequently  identified  in  several  organisms  (15,  ^7-52) . 

O'Leary  (53)  and  Wang  ( 5k)    showed  that  most  of  the  methionine  ( 14CK3)  incorporated 
into  fatty  acid  by  L.  arabinosus  and  Escherichia  coli  was  found  in  the  cyclopropane 
fatty  acid  fractions. 

Using  an  E.  coli  mutant  which  requires  methionine  for  growth,  O'Leary  (53)  found 
that  85$  of  the  fatty  acid -incorporated  methionine  label  was  in  the  chromatographic 
fraction  corresponding  to  palmitic  acid.  However,  this  fraction  had  a  biotin  replacing 
activity  for  L.  arabinosus  which  palmitic  acid  does  not  (55)  and  was  subsequently  shown 
(56)  to  consist  of  cis_-9,10-methylenehexadecanoic  acid. 

Formate -14C  or  formaldehyde -14C  lead  to  E.  coli  cellular  lipids  which  exhibit 
little  radioactivity,  although  other  cell  components  are  extensively  labeled  (58). 
However,  lactobacillic  acid  isolated  from  L.  arabinosus  grown  on  either  formate -14C 
or  methionine  (14CH3)  contained  significant  amounts  of  isotopic  label  (57) •  Degrada- 
tion, by  periodate -permanganate  oxidation  of  the  olefin  derivatives  and  hypoiodite 
oxidation,  known  (59)  to  give  iodoform  exclusively  from  the  methylene  bridge,  led  to 
iodoform  containing  QCffo   of  the  original  activity  of  the  lactobacillic  acid  in  both 
cases  (57)  . 


R-CH- 


CH; 


CH3*  Br 


-\ 


CH-R1 


HBr 
HOAc 


R 


-CH— CH-iR'     i^i^ 


reflux 
HBr 


CHo* 
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R-C=CH-R* 
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HaI04 , 
KM1O4 


CH3* 
R-C=0 


Br  CH3 
R-CH-CH-R' 


R 


-CH=C-R' 


+ 


2  other  acids 


CH3* 

I=>-KI   * 

Later  experiments  (66)  showed  that  L.  arabinosus  puts  30%  of  the  incorporated 
methionine  (14CH3)  into  lipids,  but  only  0.2fo  of  the  incorporated  formate-14C  went 
into  the  lipid  fraction. 

Whereas  oleic  acid  ( cis-9-octadecenoic  acid)  is  the  most  abundant  mono-unsaturated 
octadecenoic  acid  in  animals  and  higher  plants  (6l) ,  the  isomeric  cis-vaccenic  acid 
( cis-11-octadecenoic  acid)  is  the  major  mono-ethenoid  C18  acid  in  bacteria  (48,  62,  50) . 

The  specific  radioactivity  of  the  lactobacillic  acid  isolated  from  L. arabinosus 
was  92$  that  of  the  cis-vaccenic  acid-l-14C  added  to  the  culture  medium  (60) .  These 
results  indicate  that  lactobacillic  acid  is  synthesized  in  L.  arabinosus  by  addition  of 
the  methyl  group  of  methionine  across  the  double  bond  of  cis-vaccenic  acid. 


CH3-(  CH2)  5-CH=CH-(  CH2)  9-80OH 

NH2     + 
H00C-CH-CH2-CH2-S-CH3* 


CH3-(CH2)5-CH 


/CH<   ,    ,   o 

-CH-(CH2)9-C00H 
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Cyclopropane  fatty  acid  formation,  unlike  other  methyiation  processes  (4l,  63) , 
does  not  parallel  growth,  but  takes  place  mainly  in  late  logarithmic  phase  growth  and  in 
the  stationary  phase  with  simultaneous  decrease  to  zero  of  unsaturated  C16  and  C18 
fatty  acids  (49,  64)  . 

Law  and  Zalkin  (64,  65)   have  reported  synthesis  of  the  cyclopropane  ring  on 
endogenous  unsaturated  fatty  acids  by  soluble  and  particulate  cell  free  extracts  of 
S.  marcescens,  made  from  cultures  in  the  log  phase.   This  system  will  incorporate  S- 
adenosylmethionine  ( 14CH3)  (AMe)  but  not  methionine,  serine,  formate,  or  formaldehyde, 
into  the  fatty  acids  {6k). 


m2 
I 

CH2-CH2-CH-C00H 


Of  the  radioactivity  incorporated  by  the  soluble  extract  into  fatty  acids,  82$  was 
in  the  C17  cyclopropane  acid  and  10$  in  the  C19  cyclopropane  acid  by  gas  chromatographic 
fractionation.  All  of  the  AMe  supplied  was  consumed  by  the  extract,  but  the  maximum 
incorporation  into  fatty  acids  was  5-6$  (6k)    indicating  that  other  pathways  of  AMe 
utilization  are  operative  in  the  extracts. 

The  unsaturated  fatty  acid  substrates  of  cyclopropane  fatty  acid  synthesis  are 
apparently  esterified  in  phospholipids  (64-67)  in  S.  marcescens  and  Clostridium 
butyricum. 

Long  Chain-branched  Fatty  Acids,  --  The  mycolic  acids  are  high  molecular  weight  3- 
hydroxy  acids  with  long  side  chains  at  the  cx-position  (68)  „  The  biosynthesis  of  coryno- 
mycolic  acid  (XXII)  by  Clostridium  diphtheriae  has  been  studied  by  Lederer  (69)  .  The 
presence  of  palmitic  acid  and  palmitone  (XXIII)  in  the  lipids  of  this  organism  (70) 
suggested  that  corynomycolic  acid  is  formed  by  condensation  of  two  molecules  of  palmitic 
acid  (probably  as  palmityl-CoA)  and  reduction  of  the  intermediate  3-keto  ester.  Palmitone 
could  have  been  formed  by  the  biochemical  equivalent  of  saponification  and  decarboxyla- 
tion.  0  0H 

2  CH3-(CH2)i4-C00H  *  CH3-(CHa)14-C-CH-C-X  >     CH3-(CH2)  14-CH-CH-COOH 

C14H29  C14H29 

0  XXII 

ft* 

CH3~(  CH2)  i4-C~(  CH2)  !4-CH3 

XXIII 

Two  molecules  of  palmitic  acid-l-14C  were  indeed  incorporated  into  corynomycolic 
acid  in  vivo  (8).   That  the  natural  product  was  labeled  equally  and  only  at  the  1-  and  3- 
positions,  as  predicted  for  intact  condensation  of  two  molecules  of  palmitic  acid,  was 
shown  by  oxidative  decarboxylation,  Be ckman  rearrangement  of  the  oxime  from  the  product 
ketone,  and  Schmidt  decarboxylation  of  the  acid  derived  from  the  amide. 
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THE  PHOTOLYSIS  OF  DIAZOKETONES 


Reported  by  T.  Mo  Warns 


November  29,  I962 


Diazoketones  ( III)  have  been  of  interest  to  the  organic  chemist  as  synthetic  tools 
for  over  fifty  years.   Their  use  in  the  Arndt-Eistert  synthesis  is  well-known  (l). 
Earlier  reviews  have  covered  diazoketone  decomposition  catalyzed  by  acids  (2) ,  bases 
(3),  heat  (3**0  and  various  metallic  elements  (1,3,5)°   Fhotolytic  decompositions  have 
previously  been  treated  briefly  (3) I  in  this  review  only  the  more  recent  uses  of  light 
to  decompose  diazocarbonyl  compounds  will  be  discussed. 

The  first  use  of  light  to  decompose  diazoketones  was  reported  by  Horner  (6)  who 
obtained  diphenylacetic  acid  ( II)  from  diazobenzil  ( i)  by  rearrangement  of  the  carbene 
and  hydrolysis  of  the  resultant  ketene. 


•CO-CN2-0 

I 


hv 


■N= 


[0-CO-C°-0] 


:C=0 


JJgO. 


02CHCOOH 
II 


Preparation  of  Diazoketones --Although  useful,  diazoketone  decompositions  have  been 
limited  in  scope  by  the  lack  of  a  general  synthesis  for  diazoketones  in  satisfactory 
yields o  The  most  familiar  method  for  preparing  these  compounds  has  been  the  reaction 
of  an  acyl  halide  with  a  diazo  compound  (l) : 

©@ 
r_CO-C-N=N      III 
I 
R« 


R-CO-X  +  R' 


e  © 

-CH-NsN 


Diazotbcides  are  isoelectronic  with  diazonium  salts  of  _o-aminophenols;  certain  of  these 
compounds  may  be  prepared  in  this  manner. 


OaBk 


HNO; 


A  more  general  method  for  synthesis  of  diazoketones  is  the  oxidation  of  the  monohsdrazone 
of  a  diketone  (8,9*10,11,12,13) •   Yields  vary  widely,  but  recent  investigations  have 
shown  that  this  may  be  a  quite  useful  method  for  preparation  of  many  diazoketones. 


R-C=0 

I 
R-C*OTH2 


oxidizing  agent 


«___> 


R-C-0 
I 

R-C=N=N 

©e 


The  oxidation  with  nitrous  acid  of  amines  alpha  to  electro-negative  groups  frequently 
leads  to  the  formation  of  diazo  compounds,  rather  than  the  diazonium  salts  (1^,15). 


R-CH-R' 

I 

NH2.HBr 


HNO 


12. 


R-CH-R1 
II 

->   No 


where  R«  is  -C00R",  -CN, 
-COR",  -CF3  or  -S03H< 


The  solvolysis  of  the  monotosylhydrazone  of  a  diketone  by  base  (l6,17,l8)  offers  a 
two-step  sequence  which  proceeds  in  high  yield  from  a  diketone  to  the  diazoketone: 


R-CO-CO-R 


HpNNHTos 


R-CO-C-R 

NNHTos 


OH 


R-C0-CN2-R  +  ArS02 


e 


The  Forster  reaction  (19)  has  been  known  for  some  time,  but  has  been  re-introduced  as 
an  effective  method  for  the  preparation  of  diazoketones  via  the  oximinoketone  IV  (20). 
Either  chloramine  or  hydroxylamine-O-sulfonic  acid  may  be  used  in  the  second  step. 


R-CO-CO-R 


NlipCl 


SeO 


.t 


H2N0S0:3H 
or 
NHpCl 


^  R-CO-CNp-R 


R-C0-CH2R  ^B^BuOWO 


OH* 
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Eroducts  of  Diazoketone  Decomposition— Diazo  compounds  are  decomposed  by  numerous 
reagents  and  lose  nitrogen  to  form  an  unstable  carbene,  which  may  then  become  stabilized 
by  rearrangement,  dimerization  or  attack  on  solvent  molecules.  Diazohydrocarbons  and 
diazoesters  generally  react  in  one  or  more  of  the  above  pathways.   The  diazoketone 
may  also  rearrange  intramolecular ly  to  form  the  ketene  V.  This  "normal"  product  is 
formed  in  the  Wolff  rearrangement  (21). 

Rv 

R-CO-CN2-R<        -%   >  [R-CO-C-R'  —  R-C$-Rs  ] >       \=C=0 

06  R1    V 

Other  products  formed  may  include  olefins,  formed  by  dimerization  (22)  or  rearrangement 
(23);  cyclopropanes  (22)  and  other  compounds  formed  by  carbene  reaction  within  the 
molecule  (25,26,27)  or  by  reaction  of  the  carbene  with  the  product  ketene  (28). 
Abnormal  rearrangements  are  favored  when  the  potential  migrating  group  is  a  bulky  or 
electronegative  one.  Thus,  Newman  and  Arkell  (12)  found  the  hindered  diazoketone  VT 
did  not  give  the  sterically  crowded  ketene  VII  but  rather  a  mixture  of  rearranged 
products : 

'  t-Bu-COC«C(  CH3)  2   8ofo 
(t-Bu)2C=C=0    <4ff-  ■         |   - — >      <   t-Bu-CO-CH-C=CH2 


ot2     }  ^ 

VI 


t-Bu/         /         Es 

plus  a  small  amount  of  either  VIII  or  IX 


VIII 

The  ketoearbene  formed  by  photolysis  of  the  diazoketone  is  more  reactive  than  that 
formed  by  other  methods  of  decomposition.   It  rearranges  more  rapidly  and  is  less 
likely  to  undergo  addition  reactions  in  preference  to  Wolff  rearrangement.   This  makes 
the  photolytic  reaction  preferable  to  other  methods  of  decomposition  in  many  cases. 
When  addition  does  occur,  the  photo-generated  carbene  reacts  in  a  more  random  manner. 
In  this  respect,  it  resembles  other  high  energy  carbenes  (29) «  Thus,  Huisgen  (30) 
found  the  ketoearbene  formed  by  photolysis  of  tetrachloro-o~quinonediazide  (X)  rearranged 
in  the  presence  of  reactive  unsaturated  compounds  (as  XI)  to  give  only  the  expected 
ketene.  When  X  was  decomposed  thermally  under  similar  conditions,  adducts  formed  by 
1,3-cLipolar  addition  were  also  obtained.   Copper  catalyzed  decompositions  gave  results 
similar  to  those  obtained  thermally  ( Jl) . 


XII  X        XI 

If  the  ketene  formed  in  the  Wolff  rearrangement  is  not  converted  to  the  acid  (or  some 
other  derivative)  it  may  be  consumed  by  reaction  with  the  ketoearbene  when  methods  of 
decomposition  other  than  photolysis  are  used  (28) . 

Skell  and  Etter  (32)  compared  discrimination  by  the  carbenes  formed  from  diazoacetic 
ester  by  photolysis  and  metal-catalyzed  decomposition.   They  found  the  photolytically 
generated  carbene  to  be  much  less  selective  than  the  one  formed  in  the  presence  of 
copper. 
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Vfeygand  (33,34)  studied  the  reactions  of  the  ketocarbene  XVI,  which  underwent 
addition  or  insertion  reactions  to  give  XVII  and  XVIII  or  analogous  compounds: 


(CF3C0)20  +  N2CHC00Et 


-»  CF3C0CN2C00Et  -N 


h.v_ 

2 


CF3C0CC00Et 
CF3C=CC00Et 

"°  XVI 


XVI  +  C6H6 


0-CHCOOEt    XVI  +  CH3C0CH3 
C0CF3 


XVII 


OOEt 


H3Gr     CH3 
XVIII 


Although  Yates  (35)  had  found  that  ketocarbenes  generated  by  copper  catalyzed  decomposi- 
tion of  diazoketones  gave  insertion  products  with  compounds  containing  acidic  hydrogens, 
Weygand  found  XVI  oxidized  primary  or  secondary  alcohols  to  the  carbonyl  compounds. 


R-CO-CHN- 


HX 


*2       ~ 
XVI-i-Ri-CHOH-Rs 


-~>  R-C0-CH2-X  +  N2  (X  is  R'O-,  R'S-  or  R'R"N-) 

— ~ — >     CF3C0-CH2C00Et  +  R!-C0-R2 

XIX 


Hi 


R2 


Yield  of  XIX 


H 

H 

methyl 

II 

methyl 

methyl 

0 

H 

41 

44  +  some  hydrobenzoin 

Kirmse  and  Horner  (36)  have  studied  the  photolysis  of  diazothioketones,  where 
1,3-dipolar  addition  is  favored  by  the  intermediate  formation  of  a  cyclic  system  XX. 
The  diazothioketone  itself  is  unstable.  The  principle  product  of  the  photolysis  is 
the  thiafulvene  XXI.   The  cation  XXII  is  colorless  and  stable  in  solution. 


[Ri-CS-CNa-Rs] 


R= 


Ri 


hv 


-N= 


jfy** 


Rav 

R_ 

XXI 


H: 


#. 


XX 
R2 

Ri 


QV-^HRiRa 


XXII 


R£^ 

11  •        Rsy 

Ri^ 

Ri»H;R2=  0,  £-0-0- 

a-  or  |3-napthyl 

• 

Ri=  0;   R2=H,0. 

When  XXIV  is  photolyzed,  two  products  are  formed;  the  proportion  depending  upon  solvent 
and  temperature:  higher  temperatures  favor  XXIII,  more  polar  solvents  favor  XXV. 
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-* 


hv 


■Ife 


hv 


»■ 


-N; 


£ 


A  or, 


peracids^ 

P      0 


XXIII 


XXIV 


XXV 


Applications  to  Medium  and  Large  Ring  Systems --Ring  contraction  via  a  photochemical 
Wolff  rearrangement  has  been  used  to  obtain  strained  medium-sized  rings  not  generally 
accessible  by  other  pathways. 

The  para-cyclophanes  have  been  studied  extensively  because  of  their  unusual  bridge 
system  and  its  effect  on  the  ultraviolet  and  NMR  spectra  of  these  compounds  (37 ,38,39) • 
Para-cyclophane  systems  of  the  type  XXVII  have  been  synthesized  by  various  methods  for 
n=9;  10  and  12  (38)-  Ring  closure  failed  when  these  methods  were  applied  to  systems 
where  nr8  or  less  and  although  Cram  and  Knox  succeeded  in  preparing  XXVII  where  n=8, 
their  technique  lacked  generality  ( ko) .  Allinger  and 

-(CH2)n- 

XXVII 

Freiberg  recently  have  used  photolytic  decomposition  of  the  diazoketone  XXVIII  to 
prepare  XXIX;  this  synthesis  should  be  applicable  to  other  strained  members  of  the 
series  ( hi) . 

CH2)  4- 


C=0 

C=1NH2 


MnO; 


hV 


V^   H20-dioxane 
)=N2 


-C00H 


CH2)  3  XXVIII  XXIX 

The  ultraviolet  spectrum  of  XXIX  supports  the  predicted  (37)  non-planarity  of  the 
aromatic  ring. 


X 
max 

230  m|_i 

270  (sh) 

276 
283 


e 
7^8o 
268 
343 
295 


A  similar  technique  for  ring  contraction  was  employed  by  Blomquist  and  Schlaefer  (k2)    in 
the  cycloparaffin  series: 

|°       HpMTos  .  J7       9°  NaOH  ,      H  9° 

I  Me  OH  (<-H2;n  >     (CH2J 

_C0  i  C=MHTos  I  C=N-N 

—  ©0 


(CH2)n 


XXX 


hv 


H20-dioxane 


( CH2) „  CHCOOH 


XXX    1 

^^£3 ,  (    } 


297°  for 
n=8 


C=0 


-   Applications  to  Small  Ring  Synthesis --Decomposition  of  cyclic  diazoketones  affords 
a  useful  method  of  ring  contraction  leading  to  the  production  of  highly  strained 
systems.   The  method  was  first  reported  by  Horner  and  Spietschka  (43),  who  irradiated 
diazocamphor  (XXXI)  and  obtained  the  acid  XXXII,  subsequently  established  by  Meinwald 
to  have  the  configuration  shown  (hh) .   Pericyclocamphor  was  also  obtained  (XXXIIl). 


hv 


■N= 


+ 


XXXIIl 


=c=o 


JkO* 


XXXII 


0011 
H 
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Cava,  and  coworkers  ( 45)  applied  the  reaction  to  indanones  and  obtained  derivatives  of 
benzocyclobutenes  (XXXIV). 


n-BuONO 
HC1 


NOH 


r^>i 


/ 


00H 


hV 


■lh 


XXXIV 


CHgO   > 
HC1 


^i. 


OH 


NMTos 


More  recently,  photolysis  of  diazoketones  derived  from  terpenes  has  been  explored 

by  Meinwald  et  al. ,  (44 ,46 ,47 ,48 ,49)  and  by  Wiberg  and  Lowery  (50),  extending  Horner's 

original  work.  v 

ij  O3 

4)   H20 


(+)  a-pinene 
XXXV 


00H 


racernic 
XXXVI 


1)    03 

2)i-C5H-L10N0 
KOt-Ba 


( -)  P-pinene 
XXXVII 


1 


WHpCl 


KOH 


> 


^-A, 


hv 


0         N 


^    H20-dioxan 


i/COOH 

\ 

H 


(-) XXXVIII 


l)Cr03 
2)Se02 


AcO 
bornyl 
acetate 
XXXIX 


^  2)WaOH 


xxxx 


00H 


1) Se02 

2)H2MMTos 

3)0H- 
> 


norcamphor 
XXXXI 


J) 


XXXXIIIb 


hV 


Me  OH 


ML 


<■ 


1)  [0] 

2)  LiAlH4 


XXXXIIIa 
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To  see  what  effect  structural  changes  have  on  the  biological  activity  of  various 
steroidal  hormones,  two  groups  have  synthesized  D- nor steroid  analogs  of  hormones  by 
photochemical  ring  contraction  of  a-diazoketones.   Contraction  of  the  A,E  and  C  rings 
had  previously  been  accomplished  by  other  means  (51,52,53).  Meinwald,  Curtis  md 
Gassman  (5^1-)  have  prepared  D-norpregnane  by  a  Wolff  rearrangement  of  lo-oximino- 
androstan-3f3-ol-17-one  (XXXXIV).   A  similar  series  of  reactions  on  the  unsaturated 
steroid  XXKXVII  gave  XXXXVIII. 


xxmv 


hV 


h- 


HpO-dioxane> 


.COOH 


xxxxv 


safo 


1) 

2) 

3) 
h) 


Ac20-pyridine 

(C0C1)2 

(CH3)2Cd 

OH",H20 


D-norpregnane 
XXXXVI 


> 


XXXXVTI 


XXXXVIII 


COOH 


The  methyl  ether  of  estrone  ( IL)  was  the  starting  point  for  a  synthesis  by  Cava  (55) 
of  another  D-norsteroid.   The  reaction  was  also  run  on  the  epimeric  lumiestrone 
derivative  (LTV)  to  give  (LV).   This  established  the  non-isomerization  of  the  secondary 
methyl  group. 


CH3O 


n-BuONO 
KOt-Bu 


> 


NOH 

MgCl 
THF 


~-*\ — — 1 

k    li 


\ 


6l°/o 


IL 
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LI   hv 


H20-THF 
ITa2C03 


+ 


HoO 


CHqO 


COOK 


LII 
a.  p.  188-1890 


* 


1) CH2N2 
2)LiAlH4 
3)  CH3S02C11 

4)  Nas  4  ) 
__ >  l 

5)Raney  Ni  £ 


H 


LIII 


1. 
2. 

3- 
4. 

5- 

6. 

7- 

8. 


10. 

11. 

12. 

13. 
Ik. 

15. 
16. 

IT- 
18. 

19. 
20. 
21. 
22. 
23. 
24. 

25. 
26. 

27. 
28. 

29. 
30. 
31. 
32. 
33. 
3^. 


I     C00H 


LIV 


LV 
a.  p.  63-64° 
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NUCLEAR  MAGNETIC  DOUBLE  RESONANCE 
Reported  by  John  P.  Petrovich 


December  3>  19^2 


INTRODUCTION 

The  subject  of  this  seminar  is  nuclear  magnetic  double  resonance  (NMDR)  and  its  appli- 
cations to  chemical  problems  as  a  spin  decoupling  technique.   This  method,  which  was 
originally  proposed  by  Bloch  (l),  has  three  principal  applications.  First,  a  complicated 
spectrum  can  often  be  simplified  if  one  of  the  nuclear  spin  couplings  is  destroyed  by 
strong  irradiation,  so  that  the  remaining  spectrum  becomes  more  amenable  to  analysis. 
Second,  chemical  shift  of  a  resonance  line  which  is  itself  completely  obscured  by  other 
resonances,  but  which  is  spin  coupled  to  a  second  nucleus  with  an  observable  resonance 
pattern,  can  be  determined.  Finally,  the  relative  signs  of  spin-spin  coupling  constants 
have  also  been  determined  by  this  method,  in  systems  which  contain  at  least  three  coupled 
nuclei. 

In  the  nuclear  magnetic  double  resonance  experiment,  transitions  between  the  energy 
levels  of  one  type  of  nucleus  in  a  magnetic  field  H0  are  studied  by  means  of  a  "weak" 
radio -frequency  field  Ex   with  angular  frequency  (X>1}   while  a  "strong"  radio-frequency  field 
H2  with  angular  frequency  to2  is  applied  near  the  resonance  frequency  of  a  second  type  of 
nucleus  to  which  the  first  is  spin  coupled.  The  two  types  of  nuclei  must  differ  in  their 
effective  magnet ogyrie  ratios  7  and  can  be  two  elementally  different  nuclei  such  as 
14N  and  1:LP  or  two  elementally  identical  nuclei  in  different  environments.  The  "weak" 
field  Hx  is  the  normal  detection  field  in  NMR  studies.   It  must  be  weak  enough  so  as  not 
to  cause  saturation.   If  the  field  H2  is  strong  enough,  yEs/^r^  j|  ,  the  coupling  is 
destroyed  in  many  cases.   If,  however,  H2  is  stronger  or  weaker  than  this  value,  a  more 
complicated  spectrum  can  arise. 

The  perturbation  caused  by  H2  has  been  treated  mathematically  by  a  number  of  authors 
(1-8).  The  problem  is  treated  by  a  transformation  to  a  rotating  coordinate  system  in 
which  all  of  the  terms  in  the  Hamiltonian  are  stationary  except  for  the  weak  radio-fre- 
quency field  used  to  investigated  the  spectrum.   Transition  energies  and  intensities  are 
computed  in  the  rotating  frame  and  the  spectrum  transformed  back  to  the  laboratory  frame 
by  adding  a  constant  factor  to  the  energy.  The  original  treatment  by  Bloom  and  Shoolery 
(2)  assumed  that  the  chemical  shift  was  large  compared  to  the  spin-spin  coupling  constant. 
They  calculated  the  frequencies  and  the  intensities  of  the  19F  transitions  in  a  solution 
of  disodium  fluorophosphate  while  H2  was  applied  at  the -resonance  frequency  of  the 
phosphorus  nuclei. 

H2=0     * 

AV=4l2  c/sec 

AV=H0     

AV=0      


Fig.  1.  NMDR  spectrum  of  19F  in  an  aqueous  solution  of  Na2P03F  at  various  values  of 
AV=(72H0-<i)2)/2jt,  E2-0.k6k   gauss,  cc^  is  the  angular  frequency  of  H2. 

As  can  be  seen  In  Figure  1,  J  ,  the  phosphorus  fluorine  coupling  constant,  decreases 
as  ccg/2jt  approaches  the  phosphorus  resonance  frequency.   The  lines  finally  collapse  to  one 
line  when  AV=0. 

J 


H20=0,128  gauss 


H20=0.315 


H2a0.231  Ho->  H2=0.395 

Fig.  2.  NMDR  spectrum  of  19F  in  an  aqueous  solution  of  Na2P03F  at  various  amplitudes  of  E? 
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Figure  2  illustrates  the  effect  on  the  resonance  frequencies  of  the  19F  nucleus  of  the 
amplitude,  the  strength,  of  H2  when  ^'Vs^o-      As  H2  becomes  more  powerful,  the  phosphorus- 
fluorine  coupling  is  destroyed  and  the  spectrum  collapses  to  a  single  line. 

These  data  indicate  that  maximum  decoupling  occurs  when  H2  is  applied  at  the  resonance 
frequency  of  one  of  the  coupled  nuclei  and  when  7H2/2rt^|j|.   The  calculated  resonance 
frequencies,  as  well  as  the  calculated  intensities,  agree  well  with  the  experimental  obser- 
vations.  This  treatment  assumes  that  both  the  spin  coupling  constant  and  the  effective 
radio-frequency  field  H2  are  negligibly  small  with  respect  to  the  chemical  shift.   Anderson 
and  Freeman  (k)    considered  a  system  where  this  assumption  was  not  necessarily  valid,  namely 
H-H  spin-spin  coupling,  and  obtained  some  interesting  results.   In  an  Aj^K^   system,  where  X 
is  defined  as  the  nucleus  subjected  to  H2,  when  n=l  decoupling  will  be  complete,  but  when 
n=l  there  will  be  a  residual  splitting  as  H2  is  increased.   This  residual  splitting  R  in 
i-adians/sec.  is  given  by  equation  1. 

=  ZIr 
and  OX-cc^,  equation  1  reduces  in  a  good  approximation  to  equation  2  where  R  is  in  c.p.s, 


R=[(<jy<i>2)2  +  7^z  +   i^aj^ap 

where  (D  is  the  angular  frequency  of  the  nuclei  irradiated  and  m 
X  ,  A 


i 

}2 


If 


(1) 

ah^»2*:|j 


R  =(2rtj)2(mA-2)/7H 


A 


(2) 


Rr 
in  c  /sec 


'<r^ 


o*o 


°  0-05       0-10        0-15       0-20 

(7H2  /2*)"1 
Fig.  3-   Plot  of  residual  splitting  in  R  in  c.p.s.  vs.  (  7H2/2rt)  x 

In  Figure  3>  "the  plotted  points  are  the  residual  splitting  observed  in  the  resonance  of 
the  CH2C1  protons  in  1,1,2-trichloroethane  when  the  CHC12  proton  is  irradiated  at  several 
different  values  of  H2.   The  full  curve  represents  equation  1  while  the  broken  curve  repre- 
sents equation  2.   On  the  basis  of  the  good  correlation  of  experimental  points  and  the 
calculated  curves,  it  can  be  concluded  that  equation  1  holds  for  all  values  of  H2  and  that 
equation  2  is  a  good  approximation  under  the  condition  thalfc  7 . H^/2rt  |j| . 

Another  interesting  result  obtained  by  this  method  was  that  the  optimum  decoupling  does 
not  occur  exactly  at  the  chemical  shift  difference  of  the  nuclei  but  is  displaced  slightly 
toward  the  other  resonance. 


(D1^2=^A^)x-(  7lk)  2/2(cda-^x) 


(3) 


The  necessary  correction  to  obtain  the  chemical  shift  accurately  is  given  by  equation  3 
where  cd1-<jd2  is  the  observed  angular  frequency  of  optimum  decoupling. 


in 


in  c/sec 


107 


200 

(7H2/2*)2 


400 


Fig.  h.      Plot  of  o>L-<D2/2jt  vs.  (7H2/2jt)2  at  constant  chemical  shift. 

In  Figure  k,   the  points  are  the  experimentally  determined  settings  of  o^-cps  for  optimum 
decoupling  of  the  CHC12  proton  in  1,1,2-trichloroethane  by  irradiation  of  the  CH2C1  protons 
at  several  values  of  H2.   The  line  represents  equation  3  for  a  chemical  shift  of  110.2 
c.p.s.   The  good  correlation  between  the  experimental  points  and  the  theoretical  curve 
indicates  that  equation  3  should  be  used  when  the  correction  is  significant. 
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Fig.  5.   Curves  of  the  correction  in  the  observed  chemical  shift  vs.  chemical  shift 

at  various  values  of  J  (2-30  c.p.s.). 

Figure  5  ( 9)  indicates  the  correction  to  be  made  in  the  observed  chemical  shift  at 
various  values  of  J  and  chemical  shifts.   Since  the  majority  of  the  J  values  for  proton- 
proton  coupling  constants  are  less  than  10,  the  correction  to  be  applied  is  small  in  most 
instances.  However,  when  the  strength  of  the  perturbing  field  H2  is  high  or  when  the 
chemical  shift  between  the  two  coupled  nuclei  is  small,  the  correction  is  significant. 
In  this  abstract,  the  values  given  for  AV,  the  chemical  shift,  are  corrected  where 
necessary. 

The  results  of  the  calculations  of  Anderson  and  Freeman  are  somewhat  surprising  if  one 
relies  on  one  of  the  very  simple  pictures  of  spin  decoupling  which  suggests  that  the 
strong  field  merely  causes  such  rapid  transitions  of  the  X-group  spins  that  the  A-group 
multiplet  is  "washed  out."  They  give  a  description  of  the  vector  analysis  necessary  to 
understand  the  actual  effect  of  H2  (k) . 

Using  the  same  mathematical  approach,  Baldeschwieler  (6)  found  an  interesting  result 
in  the  NH4  case.   The  double  resonance  spectrum  should  be  symmetrical  about  Ajo2=0,  where 
Arg^i^-OiQ.  Also,  if  the  nuclei  which  are  strongly  irradiated  have  a  resonance  frequency 
-Vn,  then  the  double  resonance  spectra  recorded  by  sweeping  field  will  be  mirror  images 
when  the  frequency  of  the  strong  radio -frequency  field  is  set  at  equal  intervals  above 
and  below  -Vn.   When  a  value  of  the  frequency,  (X^/2-st ,    of  the  radio-frequency  field  H2 
has  been  located  which  gives  a  symmetrical  spectrum,  then  CD2/2it  =-Vn.  This  procedure  for 
the  measurement  of  Vn  can  then  be  checked  by  recording  the  spectra  with  CD2/2rt  several 
c.p.s.  on  each  side  of  -Vn.   Thus,  the  resonance  frequency  of  a  nucleus  that  might  not 
be  conveniently  measurable  by  single  resonance  methods  can  be  obtained  by  NMDR,  without 
resort  to  detailed  calculations.   It  has  also  been  shown  (3)  by  the  use  of  spin  inversion 
operators  that  this  is  a  general  rule  where  the  corrected  cCg  is  used. 
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Fig.  6.   MMDR  spectrum  of  H  in  NH4  at  various  values  of  AJCfe/2rt.   J=52.6  c.p. 

Figure  6  shows  the  H  spectrum  of  M4  when  the  nitrogen  is  irradiated  with  the  perturbing 
field  H2  less  powerful  than  that  required  for  complete  decoupling.   As  was  predicted,  when 
H2  is  such  that  7H2/2it<(  J  ,  the  spectrum  becomes  more  complicated.   However,  Figure  6 
illustrates  that  a  small  change  in  o^/2jt,  +  0-5  c.p.s.,  gives  an  observable  change  in  the 
spectra  under  these  conditions  and  that  a)  and  b)  are  mirror  images  of  each  other  as 
preducted  by  the  calculations.   Figure  6c  shows  the  symmetry  of  the  spectra  when  0^=0^. 
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Experimental  Techniques  (4,9-12) --As  in  the  normal  MR  experiments,  either  CD  or  H 
can  be  varied  while  the  other  is  held  constant.  The  MDR  spectrum  is  usually  recorded 
"by  sweeping  the  magnetic  field  since  this  method  is  experimentally  less  difficult.  A 
Varian  HR-60  high  resolution  spectrometer  can  be  easily  adapted  for  this  work.  Double 
resonance  is  accomplished  by  using  the  spectrometer  radio-frequency  field  as  H2  and  a 
field  modulation  sideband  as  %.  A  synchronous  detector  driven  by  the  modulation 
frequency  is  used  to  separate  the  signals  from  the  resonance  excited  at  the  centerband 
frequency  ( k) .   Sweeping  the  field  can  be  considered  as  equivalent  to  holding  the  field 
constant  and  sweeping  both  the  measuring  and  decoupling  frequencies  through  the  spectrum 
keeping  a  constant  separation  between  them,  since  either  of  these  procedures  accomplishes 
the  same  effect.   Spin  decoupling  then  occurs  only  during  the  relatively  short  period 
when  the  measuring  sideband  frequency  is  in  the  vicinity  of  the  collapsed  line.  "Frequency 
sweep"  spectra  can  be  obtained  by  introducing  a  control  loop  into  the  instrument  in  order 
to  maintain  ccg  and  H0  in  constant  proportion,  while  o)t  is  swept  through  the  investigated 
resonance  ( h)  . 

Applications  to  the  Simplification  of  Spectra— MOR  has  been  used  to  simplify  the 
spectra  of  B2HS  (13),  A1B3H12  (Ik),   Tl(C2H5)£+  (15),  N2F2  (l6),  formamide  (IT),  propion- 
aldehyde  (8),  ethanol,  acetaldehyde  (9)  >  globicin  and  arborescin  (18).   One  of  the  more 
interesting  and  informative  examples  is  the  simplification  of  the  NMR  spectrum  of  diborana. 


Fig.  7.   a)  MR,  alf  spectrum  of  B2H6  at  30  Mc  b)  MDR  spectrum  of  B2H6  at  30  Mc  + 
9.6257Mc. 

By  double  irradiation  using  the  '11B  resonance  frequency  9°625TMc  (Fig.  7),  the 
existence  of  two  H  nuclei  (A)  in  a  magnetically  different  environment  from  four  other 
H  nuclei  (B)  was  demonstrated.  The  broadness  of  the  peaks  in  the  double  resonance 
spectrum  is  due  to  splitting  by  10B. 

The  simplification  of  MR  spectra  by  double  resonance  has  also  been  used  in  structural 
determination  studies  of  complex  organic  molecules.   Bates,  Procharka  and  Cekan  (l8) 
have  applied  MOR  in  the  analysis  of  the  spectrum  of  globicin  (la)  and  arborescin  (lb), 
whose  structures  were  not  previously  known.   The  MR  spectrum  of  globicin  showed  a 
triplet  centered  at  t=5»87.   The  appearance  of  a  triplet  frequently  indicates  the 
presence  of  a  methylene  group.  By  the  use  of  MDR,  it  was  shown  that  this  triplet  for 
the  proton  on  C6  is  in  fact  due  to  coupling  with  two  non-equivalent  protons  on  C5  and  C7 
respectively  (J56-10  c.p.s.,  J67=10  c.p. s.). 


a)  R=  OAc 

b)  R=  H 


Applications  to  the  Determination  of  Chemical  Shifts — MDR  has  been  used  to  determine 
chemical  shifts  in  NHj  (6),  acetaldehyde,  'elerodin  (9)  and  a-bromocamphor  ( 19) . 
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Fig.  8.   a)  NMR  spectrum  of  clerodin  b)NMDR  spectrum  of  clerodin  with  AV  at  137  c.p.s. 
c)  low  field  part  of  NMDR  spectrum  of  clerodin  at  various  values  of  av. 

In  the  NMR  spectrum  of  clerodin  ( II) ,  the  chemical  shift  of  the  p-hydrogen  was 
doubtful.   The  chemical  shift  was  obtained  by  NMDR  with  AV  at  137  c.p.s.   (Fig.  8). 
Figure  8c  shows  that  small  changes  in  AV  have  a  marked  effect  on  the  decoupling. 
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The  determination  of  the  chemical  shift  of  proton  k   of  a-bromocamphor  ( III)  is  another 
interesting  example  of  the  use  of  NMDR.  The  signal  of  proton  k   occurs  in  a  highly  com- 
plex "fingerprint"  region  of  the  NMR  spectra.   However,  proton  k-   is  spin  coupled  to  proton 
3  whose  resonance  is  easily  visible.   Therefore,  by  double  irradiation  of  proton  3>  the 
position  of  the  resonance  of  proton  k   was  determined  to  be  137  c.p.s.  up  field  from  proton 
3«  This  method  is  generally  applicable  as  long  as  the  proton  whose  resonance  is  in  a  com- 
plex region  of  the  spectra  is  spin  coupled  to  another  proton  whose  resonance  is  easily 
accessible. 

Application  to  the  Determination  of  the  Relative  Signs  of  Spin-Spin  Coupling  Constants- - 
The  exact  analysis  of  certain  types  of  high  resolution  nuclear  magnetic  resonance  spectra 
can  be  made  to  yield  the  relative  signs  of  some  of  the  coupling  constants  in  the  molecule. 
The  method  usually  depends  on  a  change  in  the  intensity  of  some  of  the  lines  with  a  change 
in  the  signs  of  the  coupling  constants.   This  requires  extensive  calculations  usually  done 
by  a  computer.*  There  is  some  theoretical  interest  in  the  possibility  of  negative  coupling 
constants  in  view  of  recent  valence  bond  studies  (25),  and  in  order  to  determine  relative 
signs,  spectra  have  been  recorded  at  low  magnetic  field  so  that  the  field-independent 
coupling  constants  become  comparable  with  the  chemical  shifts.   Recently,  Evans  (2k)   has 
suggested  an  elegant  method  of  obtaining  such  relative  signs  by  an  adaptation  of  the  tech- 
nique of  spin  decoupling  to  systems  of  three  coupled  nuclei,  and  has  demonstrated  in  this 
way  the  opposite  signs  of  the  two  thallium -hydrogen  spin-spin  coupling  constants  in  the 
thallium  diethyl  cation.   The  method  has  the  advantage  of  being  applicable  to  molecules 
which  have  "first  order"  spectra,  that  is,  the  coupling  constants  may  be  small  compared 
with  the  chemical  shifts,  and  this  clearly  widens  the  possible  investigation. 

The  relative  signs  of  the  coupling  constants  have  been  determined  by  the  method  of  Evans 
for  trifluorochloroethylene,  1,1,2-tetrafluoroethane,  trifluoroethylene,  hexafluoropro- 
pylene  (24),  thalium  diethyl  cation  (15),  2-furoic  acid  (11),  trans -crotonaldchyde  (26), 
2,3-dibromopropionic  acid  (27),  l-chloro-l,2-butadiene  (28),  dichlorofluoromethane  (29), 
and  1,2-dichloroethene  ( 30) . 
For  examples  see  ref.  20-23- 
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The  method  of  obtaining  the  relative  signs  is  best  illustrated  by  an  example.  The 
molecule  to  be  investigated  must  contain  at  least  three  non-equivalent  nuclei,  A,  R,  and 
X,  each  with  spin  ^. 
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Fig.  9-   Schematic  MR  spectrum  of  an  ARX  system. 

Figure  9 i shows, schematically  how  the  high  resolution  spectrum  of  such  a  system  is  built 

The  operation  of  the  method  may  be  understood  pictorially  by 
nuclear  neighbors  generate  small  magnetic  fields  at  the  nuclei 
under  consideration.  The  strengths  of  these  fields  are  proportional  to  the  respective 
spin  coupling  constants,  and  whether  they  add  or  subtract  from  the  main  field  H0  depends 
on  both  the  spin  state  of  the  nuclear  neighbor  and  on  the  sign  of  the  coupling  constant. 
It  follows  that  in  a  system  of  only  two  coupled  nuclei  the  sign  of  the  coupling  constant 
cannot  be  obtained,  but  the  introduction  of  a  third  nucleus  permits  the  determination  of 
the  relative  signs  of  two  of  the  coupling  constants.  At  any  particular  instant  the 
sample  can  be  thought  of  as  divided  into  two  sets  of  molecules,  those  in  which  nucleus 
A  has  one  of  its  possible  spin  states  and  those  in  which  it  has  the  other.  One  of  these 
sets  of  molecules  gives  rise  to  transition  5  and  6  in  the  R  spectrum  whereas  transitions 
7  and  8  belong  to  the  other  set.   The  first  set  of  molecules  also  produces  lines  9  and  10 
in  the  X  spectrum  if  J.  and  J   are  of  like  sign,  but  lines  11  and  12  if  J   and  J 
are  of  the  opposite  sign.  Now  it  is  possible  to  irradiate  at  a  frequency  intermediate 
between  lines  5  and  6  with  a  power  high  enough  to  destroy  J  y  and  yet  low  enough  to  avoid 
perturbing  transitions  7  and  8.  If  at  the  same  time  the  X  spectrum  is  examined  to 
determine  which  of  the  pairs  9-10  or  11-12  collapses  to  a  single  line,  then  the  relative 
signs  of  J   and  J.__  are  found.  An  analogous  experiment  determines  the  relative  signs 
of  J^  and^J  . 

A  complication  can  arise  if  the  chemical  shifts  between  the  resonances  of  the  three 
nuclei  are  not  large  compared  with  the  coupling  constants.  A  simple  example  would  be  a 
molecule  of  the  ABX  type.   In  such  spectra,  the  transition  of  nucleus  X  can  be  clearly 
identified,  but  the  remaining  lines  may  not  be  divided  into  exclusively  A  or  exclusively 
B  transitions.  They  are  mixed  transitions  which  involve  changes  in  the  spin  states  of 
both  nucleus  A  and  nucleus  B.   It  is  conventional,  however,  to  describe  the  spectrum  in 
terms  of  lines  that  are  predominately  A  transitions  and  others  which  are  predominately  B. 
Strong  irradiations  of  the  "A"  lines  with  the  intention  of  decoupling  the  A  and  X  spins 
then  leads  to  some  decoupling  of  the  B  and  X  spins. 

A  good  example  of  the  ARX  spin  system  is  2-furoic  acid  (IV). 
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Fig.  10.  MR  spectrum  of  2-furoic  acid 
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In  order  to  determine  the  relative  signs  of  J  and  J  Y,  the  two  critical  frequencies 
(Table  I)  which  should  be  determined  are  l)  where  lines  9  and  10  collapse,  and  2)  where 
lines  11  and  12  collapse.  These  frequencies  may  be  calculated  from  a  knowledge  of  VX-VA, 


JAR  and  JRX> 


for  J.  and  J   of  the  same  or  opposite  sign. 


JAR  and  JRX 
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TABLE  I  CRITICAL  FREQUENCIES  (c.p.s.) 
1)         2) 
same  sign       32»5        30.8 


J._  and  X,v  opposite  sign     29.0         3^3 
At\       itA. 

Experimental  32 .  ^0.2      30. 6+0. 2 


From  Table  !_,  it  can  be  seen  that  the  experimental  frequencies  for  which  optimum 
decoupling  occurs  correspond  to  JAR  and  J  x  of  the  same  sign.  Using  the  above  method,, 
J   and  J  _  are  found  to  have  the  iiame  sign. 

Lbtaining  the  relative  signs  of  the  coupling  constants  in  an  ABRX  system  is  a  little 
more  difficult.  The  method  used  for  2~furoic  acid  gives  ambiguous  results,  trans  - 
Crotonaldehyde  (26)  is  an  example  of  an  ABRX  system. 


Fig.  11.  NMR  spectrum  of  trans -crotonaldehyde  at  60Mc. 

In  order  to  determine  the  optimum  frequency  separation  of  E^   and  H2,  it  was  necessary 
to  make  recordings  of  the  partially  decoupled  patterns  over  a  range  of  frequencies  which 
included  the  two  critical  frequencies  calculated  for  like  and  opposite  signs  of  J._  and 
J  ,  the  separations  t-z  and  t-y,  respectively  in  Fig.  11. 
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Fig.  12.  Plot  of  peak  height  of  the  decoupled  resonance  vs.  AV. 

A  plot  of  peak  height  of  the  decoupled  resonance,  which  is  a  measure  of  the  decoupling, 
against  AV  (Fig.  12)  indicates  that  the  maximum  decoupling  occurs  at  the  AV  corresponding 


to  the  separation  t-y  and,  therefore,  Jflr.  and  J   have  opposite  signs. 
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1.6  c.p.s.,  indicating  that  this  method"can  be  very  useful  for  small  values  of  J. 

This  method  can  also  be  used  to  obtain  the  relative  signs  of  13CH  and  H-H  coupling 
constants.  Karplus  (31)  has  suggested  that  the  absolute  sign  of  the  coupling  constant 
of  covalently  bonded  atoms  is  "very  probably"  positive.  Therefore,  by  obtaining  the 
relative  signs  of  the  13CH  and  H-H  coupling  constants,  the  absolute  sign  of  the  H-H 
coupling  constant  can  be  obtained.   Lauterbur  and  Kurland  (30)  have  shown  that  the 
13CH  coupling  constant  and  the  vicinal  (1,2)  H-H  coupling  constant  in  1,2-dichloroethylene 
are  of  the  same  sign.  Tiers  (29)  has  shown  that  the  13CF  and  the  13CH  coupling  constants 
are  of  opposite  sign  in  dichlorofluoromethane. 
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STEREOCHEMISTRY,  SYNTHESIS  AMD  BIOGENESIS  OF  TROPANES 
Reported  by  Richard  K,  Olsen  December  6,  1962 

The  tropanes  are  derivatives  of  the  8-azabicyclo( 3 . 2,1) octane  ring  system  (I). 
Many  ester  derivatives  are  found  in  nature  and  form  an  important  class  of  alkaloids „ 
Early  investigations  led  to  the  elucidation  of  the  structure  of  many  of  these  alkaloids 
(l),  but  only  in  the  last  decade  has  their  stereochemistry  been  established.   This  latter 
work  has  been  reviewed  (2,  3 ,   *0  ■ 

This  seminar  will  be  concerned  with  the  most  recent  developments  in  this  field,  of 
which  the  main  efforts  have  been  directed  toward  the  synthesis  and  stereochemistry  of 
non -naturally  occurring  tropanes,  conformation  of  the  N-methyl  group  in  tropanes,  and  the 
biogenesis  of  some  tropane  alkaloids.  The  elucidation  of  the  structure  of  the  alkaloid 
dioscorine  will  be  covered, 

I.   STEREOCHEMISTRY  AND  SYNTHESIS 

Historically,  the  stereochemistry  of  the  tropane  alkaloids  was  established  by  the 
use  of  reactions  involving  the  proximity  of  the  nitrogen  atom  to  other  functional  groups 
in  the  molecule.   For  example,  two  isomers  of  tropan-3-ol  (II)  are  known  which  differ  in 
configuration  at  C-3-   When  the  N-benzoyl  derivative  of  nor-^ -tropine  (III)  was  treated 
with  hydrogen  chloride  in  dioxane,  it  was  found  to  undergo  N^O  acyl  migration,  0-benzoyl- 
nor  —  ^-tr opine      (IV)  being  isolated  from  the  reaction.   The  other  isomer,  N-benzoyl- 
nor-tr opine  (V),  was  recovered  from  the  reaction  upon  similar  treatment  (5) °   This 
rearrangement  has  been  shown  to  occur  in  cyclic  systems  having  neighboring  nitrogen  and 
hydroxyl  groups  (6)  ,   Therefore,  the  hydroxyl  group  in  III  must  be  on  the  same  side  of 
the  cycloheptane  ring  as  the  nitrogen  bridge  or  equatorial,  while  that  in  V  is  on  the 
opposite  side.  Additional  methods  and  evidence  for  the  stereochemistry  of  many  of  the 
tropane  alkaloids  are  covered  in  a  review  by  Fodor  (3)° 

R2   R3 

*S  :  ;       m: 


7A      s% 


NaOH 


Rx  H  OH 

I5II  R  =TCe,  Rj.  =  OH       HI  IV  V 

R2  =  R3  =  H 

Configuration  of  N-Methyl  Group,  --  Investigations  have  been  carried  out  to  deter- 
mine the  favored  configuration  of  the  N-methyl  group  in  some  tropanes.  There  are  two 
conformations  possible,  the  methyl  group  being  either  axial  (Via)  or  equatorial  (Vie) , 
Inversion  of  trivalent  nitrogen  is  known  to  occur  readily  in  relatively  unstrained  ring 
systems,  and  the  two  isomers  should  be  in  rapid  equilibrium, 
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When  tropine  (VII)  is  caused  to  react  with  an  alkyl  halide,  it  is  alkylated 
selectively  to  yield  only  one  of  the  two  possible  N-epimers  (7) .   Thus,  the  quaternary 
salt  obtained  upon  ethylation  of  tropine  is  different  from  the  compound  obtained  when 
N-ethyl -nor -tropine  (VIII)  is  methylated.  It  was  shown  that  the  alkyl  group  in  the  free 
base  is  found  in  the  axial  position  in  the  quaternary  salt,  i.e. ,  the  alkylating  species 
attacks  from  the  side  of  the  endo-ethylene  bridge.   The  work  in  this  area  has  been 
reviewed  (2,  11)  „ 

On  the  basis  of  the  above  results,  Fodor  explained  this  stereoselectivity  in  terms 
of  interactions  in  the  five-membered  ring  that  are  reduced  if  the  N-methyl  group  is 
axial.  However,  this  is  not  a  valid  conclusion.   According  to  the  Curtin-Hammett 
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principle,  the  proportion  of  the  products  obtained  does  not  depend  upon  the  relative 
population  of  the  ground -state  conformations,  hut  only  upon  the  differences  in  the 
energy  of  the  two  transition  states  leading  to  products,  providing  the  activation 
energy  of  the  reaction  is  large  compared  to  the  energy  of  the  conformational  change  (9) . 
Nuclear  magnetic  resonance  spectroscopy  has  been  used  to  measure  the  rates  of  rapid 
reactions  and  equilibria  (10) .   Closs  has  applied  this  tool  to  determine  the  equilibrium 
involved  in  some  tropane  bases  (11) ,  and  studies  indicate  the  favored  conformation  is 
with  the  N-methyl  group  equatorial,,   The  equilibrium  is  so  rapid  in  the  free  base  that 
one  sees  only  a  time-averaged  transition  in  the  NMR.  However,  in  the  conjugate  acids 
(iXa  and  IXe)  the  methyl  groups  in  the  two  isomers  are  in  different  environments  and 
should  give  rise  to  resonance  signals  at  different  field  strengths.   The  conjugate  acids 
should  also  be  in  equilibrium,  the  interconversion  proceeding  through  the  free  bases 
(Figure  1) .   Closs, assumed  the  steric  requirements  of  the  proton  to  be  about  the  same  as 
the  lone  electron  pair  on  nitrogen,  and  that  the  equilibrium  of  the  conjugate  acids  would 
be  similar  to  that  of  the  bases.     Figure  1 
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The  NMR  spectrum  of  tropine  methiodide  (Xa)  in  aqueous  solution  was  measured.  A 
doublet  of  equal  intensity  at  122  and  128  cps  (relative  to  aromatic  hydrogen  in  toluene 
at  ^0  Mc.)  was  assigned  to  the  N-methyl  group  and  indicates  they  are  in  different 
environments  (Figure  2A) „   The  spectrum  of  the  N-methyl  region  of  ^-tropine  hydrochloride 
(Xb)  in  water  at  pH=l  is  shown  in  Figure  2B.   The  more  intense  doublet  at  higher  field 
arises  from  the  N-methyl  protons  of  the  more  stable  isomer^  the  N-methyl  protons  being 
split  by  coupling  with  the  proton  attached  to  the  nitrogen  atom.   Likewise,  the  weak 
doublet  is  the  contribution  from  the  less  stable  isomer.   The  spectrum  was  reproducible 
after  careful  purification  indicating  the  weaker  doublet  was  not  due  to  an  impurity. 
At  pH=6,  only  one  resonance  line  appeared  in  the  NMR  spectrum  as  the  rate  of  inter- 
conversion under  these  conditions  was  too  rapid  to  be  detected .   The  spectrum  of  ij/- 
tropine  deuteriochloride  (Xc) ,  obtained  by  measuring  in  acidified  deuterium  oxide, 
showed  a  singlet  for  each  isomer,  the  less  intense  peak  being  at  lower  field  (11). 
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In  order  to  establish  the  relative  shielding  of  the  N-methyl  groups  in  each  isomer, 
Closs  prepared  N-ethyl -nor -# -tropine  methiodide  (Xd)  and  ^/-tropine   ethiodide  (XI) , 
both  of  whose  stereochemistry  had  been  established  (8) „   The  NMR  spectra  of  Xd  and  XI 
(Figure  2D  and  2E) ,  taken  on  aqueous  solutions  of  the  crude  reaction  products,  showed 
that  two  different  isomers  were  produced  and  that  small  amounts  of  the  other  isomer  was 
present  in  each  case.   For  Xd,  having  an  equatorial  N-methyl  group,  the  more  intense 
peak  is  at  higher  field.  Therefore,  Closs  assigned  the  more  stable  isomer  as  that 
having  an  equatorial  methyl  group  (Vic)    ( 11) . 


Structure  of  Dioscorine 


-  Ill  - 
--  The  alkaloid  dioscorine  has  been  considered  to  be  a 


tropane  alkaloid  (3) .   From  early  degradative  work  (12,  13) ,  dioscorine  was  formulated 
to  be  XII o  Dioscorine,  when  treated  with  lithium  aluminum  hydride,  furnished  a  diol  XIII 
which  upon  ozonolysis  gave  glycoaldehyde  (XIV)  and  a  hydroxy  ketone  XV <,  Upon  treatment 
with  base,  XV  underwent  a  retroaldol  cleavage  to  give  acetone  and  a  ketone  base,  C8H13NO, 
which  was  thought  to  be  either  tropan-2-one  or  tropan-6-one0   Btfchi  and  co-workers  (13) 
reported  this  degradation  product  to  be  identical  with  (+) -tropan-2-one  (XVI)  synthesized 
by  Bell  and  Archer  (1*0  ,  and  on  the  basis  of  these  results  XII  was  proposed  as  the 
structure  of  dioscorine „   That  the  C8H13N0  base  was  not  the  6-isomer  XVII  was  also 
established  by  comparison  with  tropan-6-one  synthesized  by  Jones  and  Pinder  (15) 
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(+) -Tropan-2-one  was  prepared  by  Bell  and  Archer  from  ( -) -ecgonine  (XVIII)  by 
treatment  with  phosphorus  oxychloride  and  then  ammonia  to  yield  the  unsaturated  amide 
XIX.  The  amide  was  treated  with  sodium  hypochlorite  and  then  hydrolyzed  to  give  XVI 
(14).   Lithium  aluminum  hydride  reduction  of  XVI  gave  mainly  (+) -2a-tropanol  (XX) |  the 
configuration  being  established  by  the  lack  of  hydrogen  bonding  as  indicated  by  the 
infrared  spectrum.,   The  acetate  XXI  underwent  racemization  when  refluxed  in  acetic 
anhydride  (l6) ,  and  Bell  and  Archer  postulated  this  racemization  as  occurring  through 
the  symmetrical  Ion  XXII „ 
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Tropan-2-one  was  prepared,  using  two  different  routes,  by  Pinder  and  co-workers 
(17)  as  a  starting  point  in  the  total  synthesis  of  dioscorine „   One  route  involved  the 
formylation  of  ethyl  pyrrole -2 -carboxylate  (XXIII) ,  which  yielded  two  compounds „   The 
lower  melting  product  was  assigned  the  structure  of  ethyl  5-formylpyrrole-2-carboxylate 
(XXIV)  by  comparison  with  the  compound  obtained  upon  oxidation  with  lead  tetraacetate  of 
ethyl  5-methylpyrrole-2-carboxylate  (XXVIII) .   Condensation  of  XXIV  with  ethyl  hydrogen 
malonate  gave  the  unsaturated  ester  XXV  which  was  reduced  catalytically  to  a  mixture  of 
cis  and  trans  isomers  of  the  pyrrolidine  ester  XXVI,   N-Methylation,  followed  by 
Dieckmann  ring  closure,  led  to  ethyl  tropan-2-one-3-carboxylate  (XXVII) ,  which  decarboxy- 
lated  upon  hydrolysis  to  give  (+)  "tropan-2-one.  Resolution  yielded  the  (+) -enantiomer. 
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(+) -Tropan-2-one,  prepared  by  Pinder,  proved  to  be  identical  "in  all  respects"  with 
that  prepared  by  Bell  and  Archer „  Upon  comparison,  Pinder  and  co-workers  found  that 
(+) -tropan-2-one  was  not  identical  with  the  C8H13N0  degradation  product  from  dioscorine 
(17),  contrary  to  the  previous  report  (13) «   The  infrared  spectrum  of  the  C8H13N0  base 


was  quite  different,  and  upon  reduction  the  base  gave  a  compound  isomeric  with,  but 
different  from,  tropane.  Likewise,  tropan-2-one  methiodide  is  stable  to  mild  base, 
while  the  methiodide  of  the  C8Hi3NO  base  readily  undergoes  Hofmann  elimination. 

The  C8H13NO  base  was  further  investigated  by  Pinder  and  co-workers  (l8)„   Hofmann 
degradation  furnished  two  products,  a  neutral  compound  and  a  C9H15N0  base.  The  infra- 
red spectrum  of  the. neutral  compound  indicated  it  to  be  an  op -unsaturated  ketone  conjuga- 
ted with  a  -C=CH2  group,  and  it  was  assigned  structure  XXIX,   Isomerization  of  XXIX 
occurred  with  palladium  on  charcoal  to  give  o-cresol  (XXX) .   The  C9H15N0  base  could  be 
converted  to  XXIX  under  Hofmann  conditions,  and  therefore  should  be  either  XXXI  or 
XXXII o  Spectral  evidence  favored  XXXI  and  this  compound  was  synthesized  from  o- 
methoxybenzaldehyde  ( XXXIII)  by  a  route  that  led  to  the  enol  ether  XXXIV  which  gave  XXXI 
upon  hydrolysis „  Reduction  of  XXXI  yielded  2-dimethylaminomethylcyclohexanone  (XXXV) 
which  was  identical  with  the  product  obtained  from  the  Mannich  reaction  upon  cyclo- 
hexanone „ 
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The  CsHiaNO  base  was  formulated  as  being  XXXVI  and  its  reduction  product  as  2- 
methylisoquinuclidine  (XXXVII) „   The  latter  was  synthesized  from  p-aminobenzoic  acid 
(XXXVIII)  by  reduction,  lactamization,  reduction  of  the  lactam  with  lithium  aluminum 
hydride,  and  methylation,,  Dioscorine  was  therefore  formulated  as  XXXIX0 
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Synthesis  of  3-Substituted  Tropanes.  --  Efforts  have  been  carried  out  recently  to 
synthesize  tropanes  not  found  in  nature,  often  to  ascertain  their  biological  properties „ 
Ethyl  3&-phenyltropane-;5P-carboxylate  (XLa)  has  been  synthesized  in  order  to  compare  its 
analgesic  properties  with  those  of  similar  compounds  in  the  piperidine  series  (19) . 
When  3a-diphenylhydroxymethyl-3P-tropanol  (XLI)  is  treated  with  zinc  chloride  in  acetic 
anhydride,  it  is  converted  to  ~%x -phenyl -3P~tropanyl  phenyl  ketone  (XLIII)  „  Upon  brief 
exposure  of  XLI  to  the  above  reaction  conditions,  the  p-epoxide  XLII  is  isolated  as  an 
intermediate;  prolonged  treatment  of  the  epoxide  furnished  XLIII „   The  structure  of  the 
P -epoxide  is  based  on  absence  of  hydroxyl  and  carbonyl  absorption  in  the  infrared 
spectrum,  and  upon  reduction  with  lithium  aluminum  hydride  to  yield  the  known  diphenyl- 
3P-tropanylcarbinol  (XLIV) „  Treatment  of  the  ketone  XLIII  with  sodium  amide  resulted 
in  cleavage  to  give  3<2°-phenyltropane  (XLV)  „  The  oxime  XLVI  of  the  ketone  XLIII  was 
converted  directly  to  33-phenyltropane-3(3-carboxylic  acid  (XLb)  when  treated  with  hydro- 
gen chloride  in  hot  acetic  acid?  the  anilide  apparently  being  cleaved  under  these  condi- 
tions. Refluxing  thionyl  chloride  transformed  the  oxime  XLVI  into  the  known  3-phenyl- 
tropidine  (XLVIl) „  Esterification  of  XLb  gave  the  ester  XLa, 
Me„  Me„  Me  Me 

P 


ZnClg 
Ac20 


MeU 


II   HC1  ^   V  7~-1 


C02R 


XLI 


LiAlH4 


XLIV 


'P 


NaNH; 


XLVI 


Me 


S0C1; 


V 


XL  a  R  =  CsHs 
b  R  =  H 


XLV 


XLVII 


-  113  -■ 
The  tropanyl  phenyl  ketone  XLIII,  when  compared  with  model  compounds,  shows  ab- 
normal spectral  properties  in  the  ultraviolet  and  infrared  (20) „   The  ultraviolet  spectrum, 
in  both  methanol  and  methylene  chloride,  is  characterized  by  lack  of  peak  absorptions  in 
the  2^0-250  and  320  mu  regions „   The  infrared  spectrum  shovs  no  carbonyl  absorption  in 
methanol,  though  some  later  workers  report  absorption  at  l66l  cm.  x  (21) ,  In  methylene 
chloride  XLIII  has  a  carbonyl  peak  at  l66l  cm."1  The_piperidine  analog  XLVIII  and  30- 
tropanyl  phenyl  ketone  (XLIX)  both  absorb  at  1677  cm,  x  <,     Bell  and  Archer  have  inter- 
preted this  as  evidence  for  the  existence  of  the  ketone  XLIII  in  a  boat  conformation, 
due  perhaps  to  1,3-diaxial  interactions  with  the  ethylene  bridge  of  the  ring  and  the 
3a-phenyl  group,  that  results  in  nitrogen-carbonyl  interaction  (L) ,  The  infrared 
spectrum  of  the  nor-tropane  analog  of  XLIII  in  bromoform  shows  no  carbonyl  absorption, 
but  does  possess  a  band  at  3^85  cm,"1  assigned  to  a  hydroxyl  group,,   The  ultraviolet 
spectrum  is  very  similar  to  that  of  XLIII,  and  the  nor-tropane  analog  therefore  exists 
as  the  tricyclic  carbinol  amine  LI  (20) ,     Q  ~ 
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A  second  route  to  3Q;-phenyl-3(3 -tropanyl  phenyl  ketone  (XLIII)  has  been  reported  by 
Cignarella  and  co-workers  (21),   Starting  with  cjis-2, 5 -dicarbethoxypyrrolidine  (LII)  , 
tosylation,  lithium  aluminum  hydride  reduction  to  the  alcohol,  and  chlorination  gave  the 
bis -(chl or omethyl) -pyrrolidine  LIII,   Condensation  of  LII1  with  benzyl  cyanide  gave  N- 
tosyl-3-cyano-3~phenyl -nor-tropane  (LIV)  which  was  converted  in  the  usual  manner  to 
XLIII  which  proved  to  be  identical  with  that  prepared  by  Bell,  and  Archer  (20)  „   Like- 
wise, XLIII  was  converted  to  3<2-phenyltropane-3P-carboxylic  acid  (XLb)  and  its  derivatives 
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Some  N-substituted  3 -nor -t ropanone  derivatives  (LX)  have  been  prepared  by  the 
Robinson-Sch5pf  condensation  (3)  using  a-amino  acids  or  their  esters  (22) .     This  con- 
densation, which  involves  succindialdehyde  (LV),  acetone  dicarboxylic  acid  (LVI),  and 
an  amine,  gave  good  yields  with  the  amino  acids  glycine  (LV1I),  alanine  (LVIII) ,  and 
methionine  (LIX)  „  High  pressure  hydrogenation  of  these  compounds  gave  mainly  the  3a- 
alcohol  LXI  with  little  effect  noted  with  increased  size  of  the  N-substituent,  However, 
in  hydrogenation  studies  on  the  methiodides,  the  yield  of  3<2-ol  decreased  markedly  the 
more  bulky  the  N-substituent ,   This  was  explained  in  terms  of  possible  steric  hindrance 
(83). 
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II.   BIOGENESIS 


Biogenesis  of  Hyoscyamine.  --  The  tropane  alkaloid  hyoscyamine  (LXII.)  has  been  the 
subject  of  many  investigations  concerning  its  biogenesis.   It  has  been  postulated  by 
Robinson  that  the  biogenesis  of  the  tropane  alkaloids  involves  succindialdehyde,  methyl 
amine  and  a  dicarbonyl  compound  (2^) „   Indeed,  the  above  compounds  under  biological 
conditions  provided  a  synthetic  pathway  to  the  tropane  ring  skeleton  (25,  26) .   Wenkert 
has  postulated  (27)  that  the  succindialdehyde  precursor  (LXIV)  may  originate  by  a 
carbohydrate  pathway  involving  erythrose  (LXIII) „ 
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It  was  reported  by  Leete  (28)  that  ornithine -2-14C  (LXV)  led  to  hyoscyamine  labeled 
at  one  or  both  of  the  bridgehead  carbon  atoms „   This  fact  alone  does  not  rule  out  the 
role  of  succindialdehyde  as  ornithine  may  be  serving  as  a  source  of  succindialdehyde  (27) 
Recent  investigations  by  Leete  (29)  and  Bothner-By  (30)  have  established  that  the 
incorporation  of  ornthine  is  stereospecific  in  that  only  one  of  the  bridgehead  carbons 
is  labeled .   This  result  seems  to  make  the  postulate  of  a  symmetrical  succindialdehyde 
precursor  unlikely0 

In  the  present  work  by  Leete  (29) ,  the  tracer  was  fed  to  3-month  old  D„  stramonium 
plants,  and  the  radioactive  hyoscyamine  isolated  was  degraded  by  the  following  scheme 
which  permitted  the  determination  of  whether  one  or  both  bridgehead  atoms  were  labeled. 
Pyrolysis  of  hyoscyamine  yielded  the  isomeric  tropidines  LXVIa  and  LXVIb  which,  after 
conversion  to  the  methiodides  and  Hofmann  elimination,  gave  the  enantiomorphic  a- 
methyltropidines  LXVIIa  and  LXVlIbo  The  enantiomers  were  resolved  with  dibenzoyl-d- 
tartaric  acid,  and  the  isomer  LXVIIa  was  converted  to  cycloheptanone  (LXX)  through  two 
unisolated  intermediates „  Heating  of  LXVIIa  at  l60°  gave  3-methyltropidine  (LXVIII), 
which  was  hydrolyzed  with  dilute  sulfuric  acid  to  2-cycloheptenone  (LXIX) .   Catalytic 
hydrogenation  furnished  cycloheptanone  which  was  treated  with  phenyllithium  to  give  1- 
phenylcycloheptanol  (LXXI) „   Oxidation  with  permanganate  yielded  benzoic  acid  (LXXII) 
having  the  same  specific  activity  as  the  radioactive  hyoscyamine,  thus  indicating  all 
of  the  label  was  at  one  bridgehead  atom  and  that  an  asymmetric  precursor  was  involved: 
Bothner-By  and  co-workers  (30)  fed  acetate-l-14C  to  D„  stramonium  which  is  known  to  lead 
to  ornithine-l,5-14C.  The  active  hyoscyamine  was  degraded  in  the  same  manner  and  the 
chlorobenzoic  acid  was  found  to  be  inactive „  This  is  consistant  with  Leete 's  results  as 
acetate -1-14C  leads  to  ornithine  labeled  at  C-5,  while  Leete  used  ornithine  labeled  at 
C-2. 
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Acetate  has  long  been  known  to  be  incorporated  in  biogenetic  pathways,  and  labeling 
experiments  with  acetate -1-14C,  fed  to  D.  stramonium,  showed  the  majority  of  the  label 
was  at  the  C-3  carbon  of  hyoscyamine.  Acetate -2-XiiC,  fed  in  the  same  manner,  was  labeled 
predominantly  at  the  C-2  and  C-k   positions  (Jl) .   It  has  also  been  shown  that  citric  acid 
is  not  a  normal  precursor  of  the  C-2,  C-3,  and  C-k   carbon  atoms  of  hyoscyamine  (32). 


The  biogenesis  of  the  acid  moiety  of  hyoscyamine,  tropic  acid  (LXXIV) ,  has  been 
investigated.   It  has  been  established  by  Leete  that  phenylalanine  (LXXIII.)  is  a  pre- 
cursor to  tropic  acido  DL-Ehenylalanine^-14^,  fed  to  2-month  old  D.  stramonium  plants, 
resulted  in  hyoscyamine  active  only  in  the  acid  moiety.   Permanganate  oxidation  of  the 
tropic  acid  gave  benzoic  acid  which  was  shown  to  contain  most  of  the  label  (33)°  The 
hydro xymethyl  group  was  shown  to  arise  from  DL-phenylalanine-2-14C  (3*0  .  Dehydration  of 
the  radioactive  tropic  acid  gave  atropic  acid  (LXXV)  which  was  oxidized  with  meta- 
periodic  acid  to  yield  active  formaldehyde  and  inactive  phenylglyoxylic  acid  (LXXVI) . 
The  origin  of  the  carboxyl  group  from  L-phenylalanine-l-14C  has  recently  been  established 
(35) »  Following  the  same  d egr ad at ive  scheme  furnished  active  phenylglyoxylic  acid,  which 
was  converted  to  its  oxime  3LXXV.Ho  Decarboxylation  occurred  upon  refluxing  in  water  to 
afford  inactive  benzonitrile  (LXXVTII)  and  carbon  dioxide  containing  all  the  label.  The 
side  chain  of  tropic  acid  is  apparently  formed  from  a  novel  intramolecular  rearrangement 
of  phenylalanine.  Tryptophan -3 »14C  (LXXIX)  is  also  reported  to  yield  tropic  acid 
labeled  in  the  carboxyl  group  (36) ,   though  this  could  arise  from  the  metabolized  trypto- 
phan giving  labeled  carbon  dioxide  that  is  later  incorporated  to  give  tropic  acid  (3^) . 
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It  has  been  postulated  (27)  that  tropic  acid  has  its  biogenetic  origin  from  an 
aldol  product  of  formaldehyde  and  prephenic  acid  (3LXXX)  .  3Leete  has  fed  labeled  formate 
and  formaldehyde  to  D.  stramonium  and  found  only  the  tr opine  moiety  to  be  radioactive 
with  most  of  the  tracer  in  the  N-methyl  group  (33)°  Ehis  and  the  above  results  are 
not  consistent  with  this  biogenetic  scheme. 
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Biosynthesis  of  Hyoscine  from     Hyoscyamine.    —   (-') -Hyoscyamine   (LXIIJ    has  been 
reported  to  be  converted  to  (  -1  -hyoscine   (LXXXI.II)    in  young  but  not  in  old  plants  of 
D.    ferox  (37)    and  D.    stramonium  (38)-.      Fodor  postulated    (37)    6,7-dehydrohyoscyamine 
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(LXXXII)  as  an  intermediate  in  the  biogenetic  pathway.  The  feeding  of  LXXXII  resulted 
in  the  isolation  of  (-) -hyoscine  (37).  Also,  a  new  alkaloid  was  isolated  in  small 
amounts  when  hyoscyamine  was  fedo   This  new  alkaloid  was  considered  to  be  6-hydroxy- 
hyoscyamine  (LXXXI)  which  was  shown  to  give  hyoscine  in  P.  ferox  (37).   6-Hydroxyhyoscy- 
amine  was  synthesized  by  hydrogenation  of  hyoscine  (39)  and  was  identical  with  the  new 
alkaloid  (kO) .  The  in  vivo  oxidation  of  hyoscyamine  to  hyoscine  appears  to  follow  the 
pathway  shown  in  Figure  3« 

Figure  3 
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CIS-TRANS  ISOMERIZATION  MECHANISMS  IN  ACID  SOLUTION 


Reported  by  L.  Miller 

INTRODUCTION. --It  has  been  known  for 


December  10,  1962 
>ome  time  that  cis-trans  stereo-mutations  could 


3  (i.; 


effected  by  inorganic  acids.  Kekule'  reported  a  change  of  this  type  as  early  as 
These  isomerizations  are  not  only  of  intrinsic  interest ,  but  lead  to  greater  undo:. 
standing  of  other  reactions  in  acid  solution.  Mechanistic  studies  have  been  somewl  re 
limited,  however,  since  the  reactions  are  often  complicated  by  addition  to  the  double 
bond,  and  the  necessary  tools  have  only  recently  become  available  to  elucidate  the 
mechanism.   Studies  have  employed,  in  addition  to  product  isolation/  kinetic  isoto; 
effects,  correlation  with  Hammett's  o~,p  and  II0  parameters,  infrared  spectroscopy,  an 
mass  spectrometry. 

Tnere  are  several  plausible  mechanisms  for  stereomutation  in  acid  solution: 

1.  Uncatalyzed  rotation  about  the  carbon-carbon  double  bond. 

2.  Frotonation  of  an  olefinic  carbon,  followed  by  rotation. 

3.  Addition,  rotation,  elimination. 

If  the  double  bond  is  in  conjugation  with  a  carbonyl  group,  as  in  an  a, £ -unsaturated 
ketone  or  aldehyde  there  are  additional  possibilities. 

k.     Protonation  of  the  adjacent  carbonyl  followed  by  rotation. 

5.   Protonation  of  the  adjacent  -carbonyl,  followed  by  addition  to  the  double  bond. 
rotation,  and.  elimination. 

The  systems  studied  thus  far  have  all  been  of  the  a, (3 -unsaturated  type.   In  different 
compounds  mechanisms  3,4,  and  5  all  have  been  shown  to  hold  and  mechanism  1  has  been 
postulated  to  be  a  competing  reaction  in  at  least  one  case.  (2)   Since  different  classes 
of  compounds  studied  have  been  suggested  to  isomerize  by  somewhat  different  mechanisms 
they  will  be  presented  individually,  along  with  the  mechanism  postulated  and  its 
experimental  support. 

Benzalacetophenones. --Noyce  and  co-workers  have  studied  the  isomerization  of  cis- 
benzalacetophenones  in  sulfuric  and  perchloric  acids  (3 ,4) •   The  catalyst  concentrations 
ranged  from  0.2M  to  10M.   Two  distinctly  different  behaviors  were  observed  in  the 
isomerization  of  para  substituted  cis-benzalacetophenones ,  ( i) .   The  cis-chalconcs  with 
R=H,C1,N02  acted  quite  similarly.   They  showed  no  Ho  correlation,  similar  strongly 
negative  entropies  of  activation,  and  in  a  Hammett  plot  of  log  k  in  oM  sulfuric  acid 
vs.  0"  or  cr+  their  points  fell  along  a  common  line  with  slope  slightly  more  negative  than 
-1.   In  contrast,  the  compound  with  R=0CH3  showed  a  direct  proportionality  of  log  1:  to 
Ho  and  a  much  less  negative  AS  .   Its  point  on  the  Hammett  plot  of  log  k  vs.  0"  or  tr"1" 
was  clearly  off  the  line  formed  by  the  other  three  chalcones.   This  suggests  that  a 
different  mechanism  is  operating  with  the  p_-methoxy  compound. 

The  mechanism  proposed  for  p_-chloro,  p_-nitro-  and  unsubstituted  benzalacetophenones 


is  shown  in  Fig.    I. 
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not  become  equivalent.  Since  k  n  is  greater  than  k 
transfer  from  solvent  in  the    2       rate  determining' 
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The  data  supporting  this  mechanism  come  from:   Studying  the  reaction  in  sulfuric 
acid-d2  — -deuterium  oxide  —  dioxane;  reaction  of  a  proposed  intermediate  under  the 
isomerization  conditions;  the  variation  of  rate  with  acid  concentration.  The  results 
of  each  of  these  investigations  will  now  "be  discussed. 

The  isomerization  was  carried  out  in  sulfuric  a c id -d2- deuterium  oxide-dioxane(^) . 
The  isolated  trans -chalcone  showed  no  deuterium  incorporation  as  determined  by  its 
mass  spectrum  and  comparison  of  its  infrared  spectrum  to  that  of  trans -1-benzoyl-l- 
d-2-phenylethene  prepared  from  sodium  deuteroxide,  acetophenone-d3  and  benzaldehyde. 
It  was  shown  that  the  a-d-trans -chalcone  was  stable  to  deuterium  exchange  under  the 
reaction  and  isolation  conditions.   It  was  also  determined  that  the  rate  of  isomeriza- 
tion in  3M  sulfuric  acid-d2  was  faster  than  in  sulfuric  acid;  kjykH=1.92.   These  obser- 
vations indicate  that  a  slow  protonation  on  carbon,  even  if  in  a  highly  stereospecific 
sequence,  is  not  involved.   Since  no  deuterium  is  incorporated  any  protonation  on  the 
olefinic  carbon  would  have  to  be  one  in  which  the  deuterium  and  hydrogen  positions  do 

there  is  no  direct  proton 
step. 

Since  the  rates  were  strictly  first  order  with  respect  to  benzalacetophenone  the 
possibility  of  an  intermediate  of  comparable  stability  to  the  rectant  is  not  probable, 
and  one  candidate  for  an  intermediate  was  eliminated  by  the  preparation  and  reaction 
in  sulfuric  acid  of  (3-phenyl-p-hydroxypropiophenone.   This  ^-hydroxy  ketone  was 
dehydrated  slower  than  the  chalcone  was  isomerized,  in  sulfuric  acid-water -dioxane 
and  gave  a  mixture  of  products.   The  chalcone  isomerization  was  clean  within  the 
accuracy  of  the  analytical  method  (95$) •   This  result  is  to  be  expected  since  a  mechan- 
ism in  which  this  intermediate  could  participate,  and  trans -product  without  deuterium 
incorporation  could  be  formed,  is  a  little  difficult  to  imagine. 

For  these  three  chalcones  the  H0  plots  are  definitely  curved  above  dilute  acid 
concentrations.  A  new  HQ  curve  was  constructed  for  the  solvent  mixture  used,  5$  water - 
95$  dioxane.   This  H0  behavior  cannot  be  caused  by  a  considerable  equilibrium  concen- 
tration of  the  conjugate  acid  of  the  ketone,  since  the  ]>Ka  of  cis-benzalacetophenone  is 
one  of  the  order  of  -5,-6. 

Noyce  did  not  plot  logkvs.  H30  concentration.   The  Zucker-Hammett  hypothesis  predicts 
that  this  plot  would  be  linear  if  the  mechanism  is  correct  (7)^   Bunnett,  in  a  plot  of 
(log  k-+  H0)  vs.  log  "QjA20> obtains  a  slope  (w)  of  +2.77  for  this  chalcone  isomerization 
in  sulfuric  acid  and  +3-19  for  perchloric  acid  catalysis.  (8).  He  proposes  that  reactions 
with  w  values  of  this  order  involve  water  acting  as  a  nucleophile  in  the  rate  determining 
step. 

Evidence  for  the  mechanism  of  p_-methoxybenzalacetophenone  is  presented  now.  Due  to 
the  greatly  increased  rate  of  isomerization  of  this  isomer  it  seems  probable  that  the 
mechanism  here  involves  more  positive  charge  on  the  benzylic  system  than  that  of  the 
other  isomers. 

Mien  the  reaction  was  carried  out  in  sulfuric -acid-d2-water- dioxane  no  deuterium  was 
incorporated  and  the  rate  was  increased  as  in  the  unsubstituted  isomerization.   However, 
the  rate  for  this  stereomutation  was  proportional  to  H0.  A  plot  of  log  k  vs.  H0  gave 
the  slope=l.l4.   The  mechanism  proposed  to  account  for  these  observations  is 
figure  II. 


II 


.+ 


T 


H 

ch3ct^ 


+ 


CH3 


H> 


w 


shown  in 

f  -+ 

^OH 


L 


+     H 


CH30 
Figure  II 

Thus,  instead  of  addition  of  water  to  the  cation  as  in  the  unsubstituted  case,  rota- 
tion about  the  weakened  carbon-carbon  double  bond  is  postulated.   The  reason  for  this  is 
that  the  p_-methoxy  group  provides  greater  stabilization  through  derealization  of  the 
larger  positive  charge  on  the  benzylic  carbon  found  in  the  rotation  transition  state. 
This  stabilizes  the  transition  state  for  rotation  much  more  than  that  for  addition  of 
water. 


The  activation  energy  for  isomerization  of  cis-p-methoxybenzalacetophenone  is  20.8 
kcal/mole.   If  the  added  positive  charge  to  the  system  is  taken  into  account  this 
compares  satisfactorily  with  the  40-45  kcal/mole  observed  in  similar  systems  for  singlet 
transition  state ,  thermal  isomerizations.  (6).  It  is  interesting  to  calculate  a  limiting 
p  value  for  this  rotation  using  <j+.      If  };( hydration)  =10  k( rotation),  p=-4-7.  This  is 
about  the  expected  value  for  a  reaction  with  large  positive  charge  on  the  benzylic  system. 

Cinnamic  Acids. --Noyce  and  co-workers  have  also  done  an  extensive  study  of  the 
cis -trans  isomerization  of  cinnamic  acid. (9,10,11).  Cis -cinnamic  acid  is  smoothly 
isomerized  to  trans  in  45-75$  sulfuric  acid  and  the  trans  isomer  is  recovered  in  over 
90$  yield.   The  only  side  reaction  which  complicated  the  study  was  a  slow  decarboxyla- 
tion which  was  negligible  in  all  but  one  case  where  it  was  important  only  at  low  acid 
concentrations.  The  rates  were  followed  to  nearly  100$  completion.   The  reaction  is 
first  order  and  a  plot  of  log  k  vs.  H0  gives  its  slopefilOO.  At  low  acidities  an  induc- 
tion period  is  noted,  which  indicates  the  possiblity  of  intermediate  formation,  where 
the  rates  of  intermediate  formation  and  reaction  are  comparable  but  the  second  reaction's 
rate  constant  is  larger. 

A  logical  intermediate  is  p-phenyl-p-hydroxypropionic  acid.  This  compound  is  cleanly 
dehydrated  in  strong  acid  to  give  trans-cinnamic  acid  at  a  rate  faster  than  that  of 
isomerization  of  cis -cinnamic  acid.  The  relative  rates  are  shown  in  Table  II.   The 
proposed  mechanism  is  an  addition-elimination  of  water. 
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TABLE  II 
Comparison  of  Rate  of  Dehydration  of .  p-Phenyl-P-Hydroxypropionic  Acid  with  Rate  of 
Isomerization  of  cis -Cinnamic  acid  at  45.00°. 

H0      k( dehydr . )      k(isom.)     k(dehydr.)  Induction  Period  Observed  in 

k( isomer.)  Formation  of  trans  Acid. 

-2.30    3.4  x  10"6    2.4  x  10'7     Ik  +  1      

-3.58    1.072C  10"4    4.69  x  10"6     23  +  2  Yes 

-4.25    7.31x  10~4    1.61  x  10"5      45+3  Quest 

-4.79    3-2  x  10'3    5-97  x  10"5      54+4  No 

-5.53    3-0  x  10"2    3-25  x  10"4      92+5  No 

-6.43    5.3  x  10"1    2.54  x  10"3     a/ 200  No 

Further  evidence  ws   found  by  running  the  isomerization  in  sulfuric  acid-d2  and 
deuterium  oxide.   The  unsubstituted  trans-acid  which  was  formed  contains  incorporated 
deuterium  as  confirmed  by  the  mass  spectrum  and  comparison  of  the  infrared  spectrum 
with  authentic  trans-cinnamic  acid-cc-d!.   Cis-p-chlorocinnamic  acid  isomerized  in 
D20-D2S04  showed  almost  no  deuterium  incorporation  in  the  cis  compound  recovered  . 
after  one  half -life.   This  was  done  by  comparison  of  the  infrared  spectrum  to  that  of 
the  undeuterated  compound.   Trans-cinnamic  acid  incorporates  deuterium  in  70  percent 
sulfuric  acid-d2  only  about  1/2 5  as  fast  as  the  rate  of  isomerization  in  70  percent 
sulfuric  acid  at  45.00°.   The  solvent  isotope  effect  is  not  nearly  large  enough  to 
affect  this  appreciably.   Further  experimental  support  for  this  mechanism  can  be 
conveniently  divided  into  two  parts,  that  for  the  hydration  of  the  cis-cinnamic  acids 
and  that  for  dehydration  of  the  intermediate  alcohols. 

The  hydration  reaction  of  cis-cinnamic  acid  was  studied  through  isotope  and  substi- 
tuent  effects  on  the  rate  of  isomerization.   Cis-p-chlorocinnamic  :  acid  and  cis-p- 
methoxycinnamic  acid  were  isomerized  in  sulfuric  acid  and  showed  rate  behavior  similar 
to  that  of  the  unsubstituted  case.   The  activation  parameters  extrapolated  to  unit 
activity  for  hydrogen  ion  are  shown  in  Table  III.  A  Hamraett  treatment  of  the  rate  data 


Temp. } 
°C. 

Acid, 
1o 

kHP0 

k 
HpO 

kD20  #(a) 

KD20  N(b) 

25.00 

42.28 

3.26 

5-05 

25.00 

47.36 

3.69 

6.02 

45.00 

37.83 

3.06 

4.23 

^5  •  00 

46.10 

3.16 

5.25 

45.00 

63.36 

2.15 

3.66 

45.00 

65.76 

2.27 

3.68 

65.83 

2.39 

3.80 

71.33 

2.46 

4.16 

45.00 

68.25 

2.26 

3.84 

45.00 

72.20 

2.43 

4.02 

90.00 

52.68 

1.64 

2-55 
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using  cr+  gave  p--k. 3.   This  value  can  be  compared  to  the  ionization  of  diaryl  carbinols 
which  gives  p=-4.74  and  the  hydrolysis  of  cumyl  chlorides  for  which  p=-4.54.   The 
transition  state  for  the  rate  determining  step  in  the  isomerization  (hydration)  thus 
must  have  a  large  amount  of  positive  charge  on  the  benzylic  carbon  atom. 

TABLE  III 
ACTIVATION^PARAMETERS 

Acid                             AF^kcal/mole  AH^kcal/mole  AS+  e.u. 

cis-p-Methoxycinnamic                    26.8          18.3  -26.7 

cis-Cinnamic                             31.  5           23-4  -26+3 

cis-p-Chlorocinnamic                      32.1           23. 4  a/ -27 

Solvent  isotope  effects  on  the  reaction  rates  were  also  studied.  The  isomerization 
was  carried  out  in  various  acid  concentrations  of  sulfuric  acid-d2  and  deuterium  oxide 
mixtures.   The  effects  are  summarized  in  Table  IV: 

TABLE  IV 
SOLVENT  KINETIC  ISOTOPE  EFFECTS 

Acid 

p_-Methoxycinnamic 


Cinnamic 


p_-Chlorocinnamic 

(a)  Same  wt.  t>   H2S04.   (b)   Same  mole  fraction  H2S04. 
There  are  several  trends  shown  here : 

1)  The  primary  solvent  isotope  effect  k  n.!^-^  n   increases  with  H2S04  concentration. 

2)  Sharp  temperature  dependence .       ~2         2 

3)  The  isotope  effect  is  largest  for  jD-methoxy-  and  smallest  for  jo-chloro-cinnamic 
acid. 

Variations  in  isotope  effect  with  acidity  are  expected,  and  can  be  attributed  in 
part  to  changes  in  solvent  structure  and  to  solvent-solvent  and  solvent -catalyst 
interactions.   This  dependence  should  only  serve  as  a  reminder  to  interpret  the  size 
of  isotope  effects  with  caution.   Bunt on  and  Shiner  have  discussed  kinetic  solvent 
isotope  effects  and  conclude  that  the  maximum  isotope  effect  should  be  3.6  for  a  slow 
proton  transfer  to  an  olefin  in  dilute  aqueous  acid  (12) .   However,  with  the  dependence 
on  acid  concentration  found  here  this  number  obviously  cannot  be  strictly  applied. 
To  attempt  to  draw  any  conclusions  from  the  magnitude  of  H20,'  i)20  about  the  amount  of 
carbon-hydrogen  bond  formation  in  the  transition  state  seems  especially  difficult  due  to 
the  complexity  of  the  substrate  and  the  lack  of  other  experimental  or  theoretical  data 
in  concentrated  sulfuric  acid.   It  can,  however,  be  fairly  concluded  that  there  is  a 
primary  isotope  effect;  an  oxygen-hydrogen  bond  is  being  broken  in  the  rate  determining 
step. 

The  variation  of  the  isotope  effect  with  the  p_-substituent  seems  to  indicate  that 
there  is  a  varying  amount  of  carbon-hydrogen  bond  formation' -,1*1  the  transition  states. 
From  consideration  of  the  Hamncrd  principle  one  concludes  that  all  of  the  transition 
states  should  resemble  the  intermediate  carbonium  ion  more  than  the  reactant.   The  p  =  -J:.o 
supports  this  view.   However  the  transition  state  for  the  jo-methoxy- compound  should  look 
more  like  reactant s  than  any  of  the  others,  since  its  carbenium  ion  is  most  stable.   Thii 
transition  state  should  /therefore,  have  the  weakest  C-H  bond,  the  most  symmetry  with 
respect  to  the  force  constants  of  C-H  and  0-H  "bonds",  and  therefore  exhibit  the:  largest 
isotope  effect.  Stating  this  in  another  way;  substitution  of  methoxj  for  hydrogen  makes 
the  substrate  a  stronger  base  which  according  to  Bunton  and  Shiner  should  lead  to  larger 
isotope  effects.   With  this  interpretation  the  variation  in  the  kinetic  isotope  effect 
seems  to  support  this  mechanism,  but  as  in  considering  the  size  of  the  effect,  the  amount 
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of  weight  to  be  placed  on  these  results,  either  in  support  for  or  against  any  mechanism 
proposed ,  is  limited. 

For  p_-methoxycinnamic  acid  the  rate  variation  with  the  amount  of  deuterium  present 
in  the  solvent  was  studied  at  $  deuterium  ranging  from  0.0-99* 8.   The  results  compared 
satisfactorily  with  a  linear  plot  of  rate  constant  vs.  mole  fraction  deuterium.  It  is 
predicted  that  if  a  fast  pre-equilibrium  proton  transfer  is  taking  place,  the  variation 
in  rate  will  follow  the  Gross-Butler  curves  (25,26).- 

These  curves  were  derived  by  Butler  and  associates  from  functions  relating  the 
activities  of  protons  and  deuterons  in  D20-H20  mixtures  to  proton  activities  in  water, 
from  experimental  and  theoretical  values  of  equilibrium  constants  between  the  various 
isotopic  species  in  acidified  water -deuterium  oxide  mixtures.   Pur  lee  has  revised  these 
functions,  using  new  values  for  two  important  equilibrium  constants,  and  obtaining  the 
best  fit  to  some  fifty  equilibria  and  rate  variations  (23).  He  also  proposes  that  a 
slow  protonation  should  give  a  linear  plot  with  mole  fraction  deuterium.  However,  the 
significance  of  the  correlation  has  been  questioned  by  several  workers,  who  using 
sljghtly  refined  approaches,  have  found  different  functions  which  give  some  better  fits 
and  some  worse  to  the  data  that  Purlee  used  for  his  best  fit  function  (13)«  At  the 
present  time  it  can  only  be  concluded  that  the  Gross -Butler  relationship  is  a  poor 
mechanistic  tool. 

The  information  gathered  about  the  dehydration  of  the  intermediate  p-hydroxy  acids 
is  of  several  types: 

1)  Correlations  with  Hammett  cr,p  and  H0  parameters. 

2)  Comparison  of  rates  with  reactions  of  known  mechanism. 

3)  A  study  of  the  rate  of  racemization  of  the  intermediate. 
k)      Kinetic  isotope  effects. 

A  Hammett  treatment  of  the.  rates  of  p_- substituted  compounds  extrapolated  to  unit  H 
activity  using  cr+,  showed  p  =  -4.6.   This  is  indicative  of  a  carbonium  ion  mechanism  and 
would  seem  to  exclude  any  type  of  enolization  mechanism,  like  that  proposed  for 
dehydration  of  some  p-hydroxy  ketones  (l8) .   This  correlates  with  the  work  of  Winstein 
and  Lucas  (l6)  and  Pressman  and  Lucas  (17)  who  found  large  differences  in  the  rates  of 
dehydration  of  p-hydroxy  aldehydes  and  ^-hydroxy  acids.  Noyce  encountered  solubility 
and  decarboxylation  problems  with  the  p_- substituted  acids  so  that  only  the  p_-chloro 
compound  could  be  studied  with  changing  catalyst  concentration.   Its  isomerization  rate 
constant  followed  the  acidity  function  with  slope  of  1.25. 

The  dehydration  of  4-(p_-methoxyphenyl)  -4-hydroxy-2  butanone,  if  corrected  for  the 
differences  in  inductive  ability  of  the  acetyl  and  carboxyl  groups  gives  a  close 
comparison  of  rates  to  3-(p_-methoxyphenyl)  -3-hydroxypropionic  acid.   In  the  case  of  the 
ketone,  a  carbonium  ion  mechanism  has  been  shown  to  hold  (4). 

The  slope  of  1.39  for  the  plot  of  log  k  vs.  H0  is  characteristic  for  carbonium  ion 
processes,  being  intermediate  between  slope  1.00(H0  correlation)  and  slope  1.5(Hr 
correlation  for  R0H~>R+)  ( 19) »   Taft  and  co-workers  found  that  the  rate  of  180  exchange 
for  t-butyl  alcohol  showed  a  slope  of  1.20  for  log  k  vs.  Ho.   The  rate  of  t-butyl 
dehydration,  however,  showed  a  slope  much  closer  to  unity  (20).  A  plot  of  log  k  vs. 
(Ho  +  log  a    )  gives  slope  of  .98  at  25°  and  .97  at  ^5°.   This  is  a  "Bunnett  plot"  with 
slope  w=-l.  2  (2l)o  According  to  Bunnett.' s  correlation  a  protonation  reaction  where 
water  is  not  involved  should  have  a  w  value  between  zero  and  -2.2  (8). 

It  was  observed  that  the  alcohol  Is  racemized  much  more  rapidly  than  it  is  dehydrated. 
The  rate  of  racemization  also  follows  H0  with  slope  of  1.17»  As  compared  with  the 
dehydration  and  analogies  cited  there,  this  appears  to  be  a  carbonium  ion  mechanism 
also.   Using  a  log  k  vs.  Ho  plot  and  extrapolating  to  LOOM  sulfuric  acid  the  activa- 
tion parameters  for  racemization  are  AF+=27.8  kcal/mole  AS+--6.7  e.u.   Using  log  k  vs. 
(H0  +  log  a  H20) ,  one  obtains  AF*=29.7  kcai/mole  AS+--I3.7  e.u.   The  latter  AS*  value 
is  much  more  negative  than  that  observed  for  aliphatic  dehydrations,  but  this  is  to  be 
expected  ( 20) . 

Kinetic  isotope  effects  on  the  rates  of  racemization  and  dehydration  of  (3-phenyl-p- 
hydroxypropionic-a-di  acid  were  studied  (24).   The  value  .HsO/^DsO  for  racemization 
at  45. 00°  was  1.13  In  39. 80  percent  sulfuric  acid  and  1.09  in  47.00  percent.   The  p- 
hydroxy  acid  was  recovered  with  one  deuterium  atom/ molecule.   This  would  be  the  case  for 
the  reaction  sequence  shown  in  Figure  IV.   The  isotope  effect  would  be  expected  to  be 
small  since  there  is  no  change  in  the  a   carbon  hybridization  and  the  C--H  bond  is  not 
directly  involved.   In  the  solvolysis  of  t-amyl  chloride  in  80  percent  ethanol  Shiner 
observes  an  effect  of  1.18  for  the  replacement  of  the  secondary  hydrogens  (22). 
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Figure  IV 

Both  the  primary  and  secondary  kinetic  isotope  effects  can  "be  calculated  for  the 
dehydration  reaction.   By  finding  the  amount  of  deuterium  incorporated  in    the 
product,  the  primary  effect  can  he  found.   Using  this  and  the  isotope  effect  on  race- 
mization,  and  the  overall  *-RJ*-D,   the  primary  isotope  effect  is  found  to  be  2-77  +  .02 
in  51.90  percent  II2S04  and  the  secondary  effect  is  1.05  +  -02.   This  would  indicate 
that  the  C-H  bond  had  been  broken  to  only  a  small  extent  since  the  secondary  kinetic 
effect  shows  the  hybridization  is  little  changed  and  the  primary  isotope  effect 

indicates  a  very  unsymmetrical  C--H--- 0  bond.   Therefore,  in  agreement  with  the 

substituent  effects  ■showing  carbonium  ion  character  the  transition  state  for  dehydration 
can  be  pictured  as:       „       qtt       „ 


2 

$ c; 
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The  isomerization  of  cis-cinnamic  acid  then,  in  summary,  proceeds  by  an  addition- 
elimination  mechanism  with  rate  determining  proton  transfer  as  the  initial  step.  A 
close  analogy  to  this  proton  transfer  is  the  reverse  of  the  dehydration  of  p-phenyl- 
p-hydroxypropionic  acid  to  form  trans-cinnamic  acid.   It  is  another  example  of  a  non 
A-l  reaction  following  H0  with  unit  slope.  All  reactions  which  exhibited  this  type  of 
rate  variation  with  acid  concentration  were  at  first  believed  to  be  rapid  pre-equili- 
brium  proton  transfers  followed  by  a  slow  step  which  did  not  involve  addition  of  water. 

One  alternative  to  this  mechanism  which  should  be  considered  is  one  employing  a 
3T-complex  of  proton  and  olefin,  similar  to  that  proposed  by  Taft  and  co-workers  for 
the  hydration  of  2-butene  and  other  olefins  (20).   There  seems  to  be  no  reason  to 
employ  the  ir-complex  here,  especially  in  light  of  the  large  negative  entropy  of  activa- 
tion. Although  the  solvent  Isotope  effects  also  differ  (2-butene  k--/k  =1.0)  it  seems 
unlikely  that  this  alone  would  be  able  to  resolve  the  difference  between  "slow  protona- 
tion"  and  "it -complex",  since  the  transition  states  in  both  cases  should  be  very  similar. 
With  the  uncertaintly  in  the  Gross-Butler  relationship  it  looks  even  more  difficult. 
Some  recent  recalculations  of  the  Gross-Butler  relationships  have  given  results  which 
cause  the  butene,  and  cyclopentene  hydrations  to  fit  a  linear   $  deuterium  plot  as 
well  as  the  Gross-Butler  curve  (13)«   It  would  seem  rather  fortuitous  that  these 
hydrations  should  fit  the  non-linear  $  D  curves  since  the  rate  determining  step 
involves  changes  in  the  carbon-hydrogen  bond. 

One  experiment  which  has  not  been  earied  out  is  the  determining  of  general  or 
specific  acid  catalysis  for  the  cinnamic  acid  reaction.  A  slow  protonation  mechanism 
should  exhibit  general  acid  catalysis  (27).   This  proposal  was  shown  to  be  true  in 
a  case  similar  to  the  cinnamic  acids  by  Kresge  and  Chiang,  who  found  general  acid 
catalysis  in  the  isotopic  hydrogen  exheange  of  1,3,5-trimethoxybenzene  (26) .   With  this 
tool  they  differentiated  between  an  A-l  and  an  A-S„2  mechanism.   Since  the  butene 
hydration,  with  it-complex  Intermediate  seems  to  show  specific  hydronium  ion  catalysis 
(29)  this  appears  to  be  a  method  for  deciding  between  the  two. 

Maleic  Acid. --The  mechanism  of  the  isomerization  of  maleic  acid  to  fumaric  acid  in 
sulfuric,  perchloric- and  hydrochloric  acids,  as  well  as  with  various  other  catalysts, 
has  been  studied  by  three  seprate  groups.   There  is  some  disagreement  as  to  the  products 
of  the  reaction.   Terry  and  Eichelberger  report  that  the  hydrochloric  acid  catalyzed 
reaction  is  clean  (31)^  while  Ifozacki  and  Ogg  reported  "considerable  amounts"  of 
chlorosuccinic  acid  from  this  catalyst. (2) .  At  low  hydrochloric  acid  catalyst  concen- 
trations (O.^M)  Davies  and  Evans  reported  no  measurable  effect  on  the  rate  of  addition 
of  excess  fumaric  acid.  Davies  and  Evans  (32)  incorrectly  estimated  the  equilibrium 
constant  to  be  k,   and  from  thermodynamic  data  AH=-6.9  kcal/mole.  Although  halide  ions 
catalyze  the  reaction,  sulfate  and  perchlorate  ions  do  not  and  in  these  cases  the  addi- 
tion side  reaction  could  be  avoided.  However,  with  these  acids  the  rate  is  slow  enough 
that  the  uncatalyzed  reaction  competes.   The  rate  was  found  to  be  approximately  second 
order  with  respect  to  maleic  acid  by  all  three  groups.  However,  with  the  uncertainties 
already  cited,  this  is  not  very  helpful.   Due  to  these  difficulties  the  mechanism  is 
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still not  well  resolved.   One  important  bit  of  evidence  is  that  no  deuterium  was 
incorporated  into  the  product  fumaric  acid  through  reaction  in  2M  deuterium  chloride(33) • 

A  tenetive  mechanism  can  be  proposed  which  accounts  for  many  of  the  observations. 
This  involves  formation  of  the  conjugate  acid  followed  by  nucleophilic  attack  by  bromide 
or  chloride  ion  in  halogen  acids,  by  water  at  low  acid  concentrations  or  in  sulfuric  or 
perchloric  acid,  finally  rotation  and  reversal  of  these  steps  forms  fumaric  acid.  The 
formation  of  maleic  or  chlorosuccinic  acid  could  be  a  side  reaction  in  competition  with 
loss  of  the  orginal  nucleophile  or  in  a  completely  different  reaction.   In  high  maleic 
acid  concentrations  it  is  possible  that  the  reactant  also  could  act  as  the  nucleophile. 

It  has  been  shown  that  at  least  three  different  mechanisms  hold  for  stereomutations 
of  various  cis -trans  isomers.   Since  all  of  these  systems  are  rather  closely  related 
being  en, (3-  unsaturated  ketones  or  acids,  it  would  be  interesting  to  examine  the  mechan- 
isms for  isomerization  of  other  classes  of  olefinic  compounds. 
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THE  MECHANISM  OF  OXB4ERCURATION  AMD  DEOXYMERCURATION 


Reported  by  W.  G,  DeWitt 


December  13,  1962 


The  addition  of  mercuric  salts  to  alkenes  in  the  presence  of  an  alcohol  or  water 
was  discovered  by  Hofmann  and  Sand  in  1900  (l) „   Oxymer curat ion  is  the  formation  of  one 
of  these  adducts  while  deoxymercuration  is  the  acidic  decomposition  of  the  adduct  of 
equation  (1) 

-HgX 


HgX; 


+ 


>=c 


-HX 


+  ROH  < 


+HX 


R07\ 


(1) 


The  synthetic  uses  of  the  reaction  have  been  reviewed  previously  (2) .   Recently, 
oxymer curati on  has  been  applied  to  the  synthesis  of  diuretics  (3,  h) .     Although  the 
reaction  is  normally  carried  out  in  hydroxylic  solvents,  other  nucleophiles  may  be  used, 
Acetoacetic  esters  react  to  yield  7 -ketones  (5) , 
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and  aromatic  substances  react  to  form  (3 -m&rcurials  (6,  "J,   8) 

QCH3 


CH2-HgOAc 
CH2-/^\oCH3 


CH2  +  HgOAc2  +  ^TV  CH2-HgOAc  +     HOAc 

CH2 

\\    // 

An  interesting  feature  of  the  reaction  is  the  fact  that  a  cis-alkene  normally  undergoes 
oxymer curat ion  faster  than  its  trans  isomer,  thus  offering  a  means  of  differentiating 
between  the  two  (9) ° 

Attempts  to  establish  a  mechanism  have  been  seriously  retarded  by  disagreement 
among  workers  as  to  the  stereochemistry  and  kinetics  of  the  reaction,, 

Structure  and  Stereochemistry  --  The  rapid  decomposition  of  these  adducts  in  the 
presence  of  acids  prompted  the  suggestion  in  1920  that  the  olefin  formed  a  it  complex 
with  mercury  (10) „  However,  Sandborn  and  Marvels'  preparation  of  optically  active 
cinnamic  ester  adducts  suggested  bond  saturation  in  the  adduct  (11) . 

HgOAc 

C6H5CH=CHC02  Menthyl  Hg^A^^>  C6H5CH-CHC02  Menthyl  +  HOAc 

OCH3 
2  optically-active  isomers  isolated 

The  nuclear  magnetic  resonance  spectrum  of  2-acetomercuri-l-methoxyethane  has  two 
triplets  (from  water  as  an  external  standard  at  0-15°  C. :   -CH2-0-C^  at  +  1.1  ppm  and 
-CH2-Hg-  at  +  2.5  PPm)  "which  may  be  assigned  to  the  methylene  protons  if  the  methylene 
groups  are  not  equivalent  (12).   The  NMR  spectrum  is,  therefore,  not  compatible  with 
the  trigonal  it -complex  in  which  the  methylenes  are  equivalent. 
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/■ 
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Any  proposed  mechanism  for  this  reaction  must  account  for  the  high  degree  of 
stereospecifity  found.   For  example,  when  cis-stilbene  is  oxymercurated  with  mercuric 
acetate ,  a  single  isomer  results  which  is  not  the  same  as  that  obtained  from  trans - 
stilbene  and  which  is  deoxymercurated  to  re-form  pure  cis-stilbene  (13).   This  stereo- 
specificity  is  suggestive  evidence  that  the  two  reaction  proceed  through  similar 
intermediates. 

When  an  alkene  such  as  cyclohexene  is  oxymercurated,  two  isomers  are  possible: 


t  7.0 


5.8  -> 


II 


H 


OH 


trans 


CIS 


X-ray  analysis  of  l-chloromercuri-2-methoxycyclohexane  indicated  that  the  adduct 
had  the  trans  configuration  (9) .   However,  the  large  mercury  and  chlorine  atoms 
reduced  the  reliability  of  the  analysis,  since  the  strong  electron  density  may  have 
distorted  the  apparent  positions  of  the  ring  atoms.   NMR  studies  have  shown  that  the 
addition  is  indeed  trans  for  l-iodomercuri-2-hydroxycyclohexane.   The  proton  in  the  C-l 
position  has  two  axial-axial  coupling  constants  (Ji2  =  Ji6  =  10)  and  one  equatorial- 
axial  coupling  constant  ■  (J16  =  3. 5)  (1*0.   The  cis  compound  should  give  rise  to  two 
equatorial -axial  interactions  and  only  one  axial-axial  interaction,   trans -Iodo-mercuri • 
2-hydroxycyclohexane  may  be  converted  to  the  cis  isomer  by  treatment  with  benzoyl 
peroxide  (15)  .' 

Two  sterically  different  modes  of  attack  are  found  in  the  reaction  of  HgCl2  with 
D-glucal  (I)  and  with  D-glucal  triacetate  (II) 5  I  yields  a  cis  product  and  II  a  trans 
(17). 
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Saponification  of  IV  yielded  a  different  isomer  than  had  been  obtained  directly  from 
D-glucal o   The  stereochemistry  was  established  by  replacement  of  HgX  with  bromine  to 
yield  known  compounds  under  conditions  which  would  not  effect  steric  rearrangement 
(17) .  It  was  found  that  III  would  not  undergo  deoxymercuration  under  normal  conditions, 
as  would  be  expected  if  a  trans  conformation  were  required.   The  authors  suggest  that 
in  the  case  of  the  triacetate,  the  bulky  acetate  groups  apparently  force  attack  of 
mercury  from  the  underside  of  the  ring  with  subsequent  nucleophilic  methanolic  attack 
to  yield  IV.   It  is  postulated  that  mercury  interacts  with  the  C-3  oxygen  (I)  to  yield 
an  intermediate  V  which  can  undergo  attack  by  the  methanol  solvent  to  give  the  more 
stable  III  ( 16)  . 

HSC1CH20H  HgCl 

III 
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Wright  has  studied  the  reaction  of  several  A5-( 2.2.2) -bicyclooctenes  and 
A5-(2.2.l) -bicycloheptenes  and  finds  that,  in  general,  trans  addition  is  observed 
(18,  19) .   The  addition  of  mercuric  acetate  to  dimethyl  1,^ -ethylene -A5 -cyclohexene- 
2,3-diendodicarboxylate  (VI)  yields  the  trans  isomer,  which  upon  heating  loses  methanol 
to  give  a  a-lactone  (VII) . 
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-CH3OH 


HgOAc 


Assignment  of  this  configuration  is  based  on  comparison  of  the  dipole  moment  of  the  free 
acid  VIII  with  those  of  compounds  whose  stereochemistry  was  established  by  x-ray  methods 
Compounds  with  similar  structures  in  the  dicyclooctene  and  bicycloheptene  series  have 
comparable  dipole  moments  (18)  (Table  I) . 
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An  exception  to  the  rule  of  trans  addition  is  that  of  2-norbornene  in  which  the  cis 
compound  is  formed  (20) „ 


HgCl 


T  =  7.2 


T  =  6.1 


MR  studies  based   on  the   coupling  constants   of  known  compounds   (Table  II)    (Ik)   have 
shown  that  the  adduct  is  diexo. 


Table   II 


Compound 


2-Hydroxy-3-chloromercurinorbornane 
2,3-Diexodihydroxynorbornane 
2,3 -Diendodihydr oxynorbornane 
2-exo-3-endo-Dihydroxynorbonane 


±22 
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Oxyme rcuration  --  The  generally  accepted  mechanism  of  oxymercuration  involves  the 
mercurinium  ion  of  Lucas,  Hepner  and  Winstein  (21) .   The  mercurinium  ion  is  analogous  to 
the  bromonium  ion  formed  during  the  bromi nation  of  double  bonds  and  is  a  hybrid  of  the 
following  resonance  forms: 
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Mallik  and  Das  have  studied  oxymercuration  of  acrylic  esters  and  have  proposed  the 
reaction  to  be  started  by  an  attack  of  HgOAc2  on  the  olefin  (22) , 
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The  rate  of  the  reaction  is  first  order  in  Hg(0Ac)2  and  in  olefin  and  is  accelerated  by 
acid.   Since  mercuric  acetate  exists  primarily  as  a  neutral  salt,  i.e.  Keq  is  very 
small,  the  initial  reacting  species  must  be  HgOAc2  in  order  to  satisfy  the  kinetic 
data. 


Hg(0Ac)2^- 


HgOAc 
XIX 


OAc 
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In  the  beginning  stages  of  the  reaction,  the  concentration  of  the  ace toxymer curie  ion 
(XIX)  should  be  proportional  to  the  square  root  of  the  mercuric  acetate  concentration, 
and  if  XIX  were  the  reacting  species,  the  reaction  should  be  half -order  with  respect  to 
mercuric  acetate,  rather  than  first  order.  Acid  acceleration  is  expected,  since  a  proton 
would  facilitate  the  removal  of  the  anion  from  the  mercury  atom  (22). 

V    ~;QAc 


A 


-H£ 


OAc 
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The  final  steps  in  the  reaction  would  be  attack  by  the  nucleophile  on  the  mercuriniura 
ion  followed  by  the  loss  of  a  proton. 
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Wright  had  proposed  a  molecular  mechanism  prior  to  the  establishment  of  trans  addi- 
tion, but  this  would  have  yielded  cis  products  (13) . 

HgX2  +  CH3OH  <        >      HgOCHaX  +  HX 

X 


^HgX 
>OCH3 
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The  molecular  mechanism  was  proposed  from  the  observation  that  oxymercuration  of 
cyclohexene  with  mercuric  acetate  in  anhydrous  methanol  was  retarded  by  the  addition 
of  acid.  It  was  felt  that  acetic  acid  would  decrease  the  amount  of  solvated  mercury 
salt  (X) ,  thus  retarding  a  molecular  reaction  while  an  ionic  one  would  be  accelerated 
because  of  additional  hydrogen  ions  (13) .   The  inconsistancies  in  experimental  data  is 
attributed  to  different  solvent  systems  and  olefins  (6,  22) . 

Deoxymereuration.  --  Most  of  the  evidence  for  the  existence  of  a  mercurinium  ion 
has  been  compiled  by  Kreevoy  and  coworkers  from  the  decomposition  of  the  adducts  (23, 
24,  25)  .  The  deoxymereuration  of  l-chloiomercuri-2-propanol  and  1 -chlorome  re  urid- 
ine thoxy -propane  is  pseudo  first  order  with  respect  to  substrate  in  the  presence  of 
excess  perchloric  acid  (24) . 

The  reaction  has  a  solvent  isotope  effect  (KD  (/Kg^  =   3)  which  compares  favorably 
with  reactions  in  which  fast  equilibrium  protonation  occurs  prior  to  the  rate  deter- 
mining step  (24,  26).   For  example,  in  acidic  acetal  cleavage  (Eq  q/Kh20  =  3°l)  the 
first  step  is  the  fast  equilibrium  in  which  the  ether  is  protonated .   If  protonation 
occurred  during  the  rate  determining  step,  Kjj  q/Kjj  q  <(l  would  be  expected  (27)  .   In 
addition,  the  reaction  varies  linearly  with  tne  Hammett  acidity  function  H0  (24) „ 
From  these  observations,  Kreevoy  writes  deoxymereuration  as  (24) : 
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When  the  reaction  is  carried  out  in  acetic  acid -sodium  acetate  buffers,  the  rate 
is  first  order  in  hydronium  ion  concentration  and  in  substrate,  but  is  independent  of 
molecular  acetic  acid  concentration,  thus  eliminating  molecular  acetic 
acid  as  the  protonating  agent  in  the  rate  determining  step  ( 23) ,   Furthermore ;   the 
reaction  is  not  accelerated  by  acetate  ion. 

Ichikowa,  et  al. ,  have  proposed  a  slightly  different  mechanism  based  on  the  fact 
that  they  find  the  deoxymer curat ion  of  l-chloromercuri-2-methoxyethane  is  first  order 
with  respect  to  added  anion  (28,  29).  They  propose  that  the  rate  determining  step  is 
the  decomposition  of  the  mercurinium  ion  ( Equation  4a) , 
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ci 


slow 


>     HgCl2  +  CH2=CH2 
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The  difference  between  the  two  systems  is  ascribed  to  the  relative  affinities  of 
iodide  and  chloride  for  mercury  (28).   It  should  be  noted  that  rate  dependence  on  anion 
in  deoxymer curat ion  is  not  common  (19) . 

Nature  of  the  Transition  State  and  Mercurinium  Ion,  --  Kreevoy  and  Kowitt  propose 
that  in  the  rate  determining  step  for  deoxymercuration  the  mercury  atom,  oxygen  atom,  and 
the  two  carbon  atoms  obtain  coplanarity  and  that  the  carbon-oxygen  bond  is  breaking 
simultaneously  with  the  formation  of  the  mercury-carbon  bond  (24).   They  suggest  two 
carbon  atoms  are  changing  hybridization  from  sp  to  sp2  orbitals  which  can  overlap 
a  mercury  6sp  orbital  to  form  a  H\Iickel   aromatic  system  of  two  electrons. 


If  coplanarity  is  required  in  the  transition  state,  then  it  is  clear  that  the  cis 
isomer  will  have  a  more  scrained  system  than  the  trans .  Kreevoy  and  coworkers  have 
calculated  the  thermodynamic  activation  properties  for  the  cis  and  trans  transition 
states „   The  entropies  (AS\)  and  enthalpies  (AHr)  calculated  from  the  rates  of  deoxy- 
mercuration for  a  number  of  compounds  are  presented  in  Table  III  (25), 
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Table  III 
Entropies  and  Enthalpies  of  Activation 
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The  transition  state  enthalpies  of  the  cis  compounds  are  higher  because  of  greater  non- 
bonded  atomic  repulsions  resulting  from  the  oxygen  atom's  being  on  the  same  side  of 
the  molecule  as  the  mercury  atom  (25).   In  a  limited  fashion,  the  decrease  in  enthalpy, 
XI>XII>XIII  and  XIV>XV,  may  be  regarded  as  a  measure  of  the  ease  with  which  coplanarity 
is  obtained o   Those  systems  which  gain  rigidity  in  the  transition  state,  XIII  and  XV, 
have  comparable  negative  entropies  of  activation  while  those  compounds  which  already 
possess  considerable  rigidity  have  comparable  positive  entropy  values  (25). 

In  general  it  has  been  found  that  the  potential  energy  of  the  transition  state 
is  a  function  of  the  dihedral  angle  9  between  the  C-0  bond  and  the  C-Hg  bond  in  the 
ground  state  as  shown  in  Figure  I  (26) . 
10  + 


P.E. 


180 
0 

Figure  1 
Potential  Energy  of  the  Transition 


State 


If  the  C-0  bond  were  cleaved  without  assistance  from  mercury,  one  would  not  expect 
this  dependence  on  dihedral  angle  (26) .  Kreevoy  suggests  that  the  energy  of  a  cis 
compound  (9=0°)  may  be  minimized  by  the  formation  of  a  coordinate  bond  between  oxygen 
and  mercury  in  the  transition  state . 


+ 
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Kreevoy  and  Ditsch  measured  the  rates  of  deoxymercuration  of  l-iodo-mercuri-2- 
methoxyethane  (XVI)  and  its  1,1,2,2-tetradeuterated  analog  (XVII)  and  found  K^/Kq  = 
1.06  t  0.02  (30)  . 


CH3OCH2CH2HgI 
XVI 


CH3OCD2CD2HgI 
XVII 


This,  they  contend,  agrees  favorably  with  values  calculated  by  the  method  of  Bigeleisen 
and  Mayer  (31)  for  a  transition  state  in  which  the  protonated  oxygen  is  breaking  away 
and  the  three  membered  ring  is  being  formed  (Table  IV,  A)  .   The  value  of  Ku/K-p  does  not 
agree  favorably  with  the  mercurinium  ion  (B)  or  with  the  carbonium  ion  ( C)  as  the  tran- 
sition state o 

Further  work  has  indicated  that  there  must  be  a  significant  amount  of  carbonium 
ion  character  (C)  in  the  transition  state  since  when  R1  =  H  the  relative  rate  of  R  = 
vinyl  to  R  =  methyl  is  27:1  (32)  .   The  resonance  effect  can  be  explained  only  by  (C) , 
in  which  an  allylic  system  is  developing.   In  order  to  explain  the  observed  Kit/k^ 
ratio,  the  transition  state  is  considered  to  be  a  resonance  hybrid  of  A,  B  and  C.   No 
evaluation  of  the  resonance  effect  for  B  could  be  made  so  that  the  relative  importance 
of  the  three  forms  is  unknown. 
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Deoxymercuration  reactions  obey  Taft's  o~*  treatment  for  various  R  substituents 
when  R'  =  H  (22).   The  value  of  p*  obtained  (-2.77)  does  not  agree  with  the  value 
expected  for  a  transition  state  resembling  (A)  or  (C)  when  compared  with  known  reactions 
(Table  IV)  ( 33) •  Again,  no  evaluation  for  (B)  could  be  made. 

Other  Mechanisms.  --  Prior  to  the  acceptance  of  the  mercurinium  ion  as  an  inter- 
mediate in  deoxymercuration,  two  other  mechanisms  had  been  proposed.   E2  elimination 
as  in  equation  (5)  predicts  the  proper  stereochemistry,  but  fails  to  explain  the  kinetic 
data  (3IO.     ,  v  / 
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In  most  cases  the  reaction  is  not  dependent  upon  added  anion  (35) i   however,  E2 
elimination  can  not  be  disregarded  in  all  instances  (32) . 

Rodgman  and  Wright  proposed  a  molecular,  six-membered  quasi -cyclic  intermediate 
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This  mechanism  fails  to  explain  the  stereochemistry  in  that  it  predicts  a  fast  deoxy- 
mercuration with  cis  configuration.   This  mechanism  was  supported  over  an  ionic  type 
because  a  rate  reduction  is  found  in  going  from  anhydrous  methanol  solvent  to  a  90$ 
methanol-10/o  water  mixture,  from  3-53  liters/  mole-sec  for  anhydrous  methanol  to  O.65 
liters/mole -sec  for  4$>  H20  Figure  II  (19)  .   They  attributed  this  rate  reduction  to  a 
decrease  in  molecular  HX  species  in  water  solution 
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Figure  II 
Effect  of  water  on  the  amount  of  deoxymercuration  of  l-chloromercuri-2- 
methoxy-l,2-diphenyl  ethane  in  one  hour's  time  by  HC1 
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Two  considerations  tend  to  discredit  this  argument,   First,  the  ability  of  HC1  to 
protonate  neutral  bases  in  anhydrous  methanol  is  decreased  considerably  by  small  amounts 
of  water  (28,  37) .   Second,  the  reaction  in  water  is  often  heterogeneous  (2) . 
When  the  reaction  was  carried  out  in  anhydrous  benzene  it  was  faster  than  in  dry  meth- 
anol .   If  the  deoxymer curat ion  of  l-chloromercuri-2-methoxycyclohexane  is  carried  out 
in  benzene,  one  of  the  products  is  methanol  which  would  favor  the  formation  of  ions; 
an  autocatalytic  effect  on  the  reaction  should  be  observed  if  the  mechanism  is  ionic 
in  nature „   No  such  effect  was  found.   Wo  simple  relationship  between  rate  and  $  water 
was  found  in  benzene  solvent  (19) . 
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LONG-RANGE  NUCLEAR  SPIN-SPIN  COUPLING 
Reported  by  W.  Ripka  December  17,  19&2 

Recently,  the  assumption  that  nuclear  spin-spin  coupling  is  negligible  over  more 
than  three  sigma  bonds  has  been  disproved.  With  the  advent  of  better  instrumentation, 
long-range  coupling  over  four  or  more  bonds  has  been  observed  in  both  saturated  and 
unsaturated  systems.  The  existence  of  such  coupling  may  prove  to  be  a  useful  tool  in 
the  determination  of  molecular  structure  as  veil  as  in  shedding  light  on  certain 
electronic  properties  of  molecules. 

General  Theory. — Ramsey  (l),  in  1953  >  showed  that  the  proton-proton  coupling  constant 
in  the  H2  molecule  could  be  almost  entirely  accounted  for  by  considering  only  a  single 
term  in  the  complete  Hamiltonian  for  a  molecular  system  in  a  magnetic  field.  This  term, 
which  accounts  for  the  proton  hyperfine  splitting  in  paramagnetic  resonance,  is  known 
as  the  "Fermi  contact  term"  and  essentially  provides  a  measure  of  the  electron  density 
at  the  nucleus.   Using  this  Hamiltonian  and  second-order  perturbation  theory,  he  was 
able,  with  the  aid  of  Gutowsky's  empirical  expression  (2)  for  the  energy  of  interaction 
between  two  nuclei,  to  derive  a  theoretical  expression  for  the  coupling  constant,  J  , 

Eim,=hJWIir  V' 

where  J___,  and  h  are  constants  and  ]L  ,  is  the  nuclear  spin  vector, 
between  two  nuclei  N  and  N1  in  terms  of  the  singlet  ground  state  wave  functions, 

where   7   7  N,-magnetogyric  ratios  of  the  nuclei  N  and  N', 

P~Bohr  magneton, 
o(rkF  "Dirac  delta  function  for  :  r,  -rjr 
S,  ,  S^" electron  spin  vectors  for  the  kth  and  jth  electrons 

h>»  Planck's  constant, 

Oground  state  wave  function, 

AE=an  appropriately  weighted  singlet -triplet  electronic 
excitation  energy  for  the  molecule. 

The  AE  term  used  in  the  above  expression  is  defined  in  terms  of  the  second-order  pertur- 
bation energy,  E(2) , 

■J a),  L  (o|H'|n)(nMo)  _   (OJjHo), 

n      E  -E0  AE 

n  u 

where  the  summation  is  over  the  excited  electronic  triplet  states,  n, 
of  the  molecule  and  H'  is  the  perturbation  Hamiltonian 

McLachlan  (3)  has  pointed  out  that  the  "average  energy  approximation",  which  resulted 
in  the  AE  term  may  be  invalid  for  some  molecules.   In  particular,  AE  may  be  either 
positive  or  negative  and  may  not  be  simply  related  to  the  electronic  excitation  energy. 
Karplus  (k)   has  shown  that  this  will  be  particularly  true  for  complicated  molecules 
where  electron  derealization  is  significant,  e.g. ,  aromatic  molecules.  Even  assuming 
the  approximation  valid  the  experimental  difficulties  in  obtaining  such  "forbidden" 
singlet-triplet  transitions  have  limited  values  of  AE  to  order  of  magnitude  estimates. 
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Molecular  Orbital  Approximation. --McConneil  (5)>  with  the  aid  of  the  above  expression, 
used  molecular  orbital  wave  functions  to  calculate  the  it-electron  long-range  coupling 
constants,  JjL^  in  aromatic  molecules.  He  proposed  that  long-range  coupling  in 
unsaturated  systems  is  due  primarily  to  the  it-electron  contribution,  J*  ,  since  it  is 
well-known  that  the  sigma -electron  contribution,  J^i*  usually  becomes  negligible  over 
more  than  three  bonds.   Such  it-electron  coupling  was  given  the  following  physical 
interpretation:  A  proton  N,  by  magnetic  coupling,  polarizes  the  spin  of  an  electron 
in  a  Is  orbital  centered  on  nucleus  N.   This  electron,  in  turn,  polarizes  the  spin  of  an 
electron  in  the  carbon  sp2  orbital  in  the  aromatic  C-H  bond.   This  sp2  electron  spin  is 
then  coupled  with  the  it-electron  spins  by  cr-it  electron  interaction.   This  it-electron 
spin  polarization  is  spread  around  the  ring  and  eventually  couples  back  into  the  cr- 
electron  system,  finally  producing  a  spin-polarization  at  another  nucleus  W .   The 
magnitude  of  this  it-coupling  depends  on  the  extent  of  c-it  electron  interaction  in  the 
ground  state  wave  function.   This  cr-it  electron  interaction  was  estimated  from  para- 
magnetic resonance  experiments. 

The  paramagnetic  resonance  of  aromatic  hydrocarbon  free  radicals  (6)  shows  hyperfine 
splittings  due  to  the  aromatic  protons.  This  must  be  due  to  cr-jt  electron  interaction 
since  unpaired  spins  in  pure  it-orbitals  have  zero  spin  density  at  the  aromatic  protons . 
It  has  been  shown  experimentally  (7)  that  the  hyperfine  splitting,  a  ,  due  to  a  proton 
N  (attached  to  carbon  atom  N')  is  proportional  to  the  molecular  orbital  unpaired 
electron  density,  p  t,  at  carbon  atom  N1 ,  .i.e., 

where  Q  -  30  +  5  gauss. 

Using  this  approximation  to  construct  an  effective  Hamiltonian  which  includes  cr-it 
electron  interactions,  McConnell  was  able,  with  the  aid  of  HiHckel  LCAO  MO  wave  functions, 
to  derive  an  expression  for  the  it-electron  contributions  to  the  coupling  constants  in 

aromatic  molecules, 

it    B2^)2!")2 
liAlfi 
where    M,=  S'l^a^   and  where  a^  and  a^,^  are  the  coefficients, 

in  the  occupied  molecular  orbital  en,  of  the  atomic  orbitals  centered 
on  the  carbon  atoms  to  which  the  protons  N  and  W  are  attached. 

Using  this  expression  for  the  coupling  constants,  J  , ,  in  benzene  the  results  in  Table  I 
were  obtained. 

TABLE  I   ^ 
M.Oo  Approximations  to  J , 

M* 

12 

13 

Ik 

Valence  Bond  Approximations. --Karplus  (8)  has  used  valence  bond  wave  functions  to  extend 
the  above  work  to  include  nonaromatic  unsaturated  molecules.  Using  valence  bond  wave 
functions  he  was  able  to  relate  the  proton-proton  coupling  constant  to  the  isotropic 
hyperfine  coupling  constants  for  the  it-radical  fragments  corresponding  to  each  of  the 
it-electron  triplet  states  (T)  of  the  molecule, 


in  Benzene 

'ffl' 

0.666 

0.80 

0 

0 

0.166 

0.05 

*  -2.1  x  10~15  Z  VT)V(T) 

HH         *  ~'^1t) — 


it 
where  ^(T)  and  a  ,(T)  are  the  hyperfine  coupling  constants  for  the 

radical  fragments  involving  protons  H  and  H'  and  where  AE  (T)  is  taken 
as  6.0  ev.  for  ethylenic  and  8.0  ev.  for  acetylenic  compounds. 
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Using  the  hyper fine  coupling  constants  (8)  for  the  fragments  I,  II,  and  III,  the  coupling 
constants  for  the  systems  listed  in  Table  II  can  be  predicted: 

aH 

I  H-C   (sp2)  -65xl06 

II  H-C   (sp)  »95xl06 

III  H-C-C  150cos2^xl06,  where  the  angle  j>   is  the 

angle  between  the  H-C-C  plane  and  the 
unpaired  electron's  jt-orbital  axis. 

TABLE  II 
V.B.  Approbation  to  ^ 

System  J ,  ( c/s)  J  ,  ( c/s) 

(theo,)  (expt'l) 

H-C=C-H  +1.5  5-ll(cis)  10-18  (trans) 

H-CiC~H  +4.6  9.1 

H-C-C-C-H  -1.7  -1.4  to  -1.8 

H-CiC-C-H  -3.7  -2.1  to  -2.9 

H-C-C«C-H  -6.7  ±[6.1  to  7.0] 

H-C-C-C-C-H  +2.0  +[1.2  to  1.5] 

H-C-C=C-C~H  +2.9  +2.9 

Holmes  and  KLvelson  (9)  have  discovered  another  type  of  rt-electron  coupling  mechanism 
in  which  the  unsaturated  bond  is  not  a  link  in  the  connective  bond  chain  between  the 
protons.  A  high  resolution  nmr  spectra  of  acetone  shows  two  peaks  at  +  63=6  c/s  on 
either  side  of  the  major  peak.  These  satellites  a,re  due  to  the  13C-H  coupling-  Each 
of  these  satellite  peaks  is  further  split  into  a  1:3:3:1  quartet  with  a  spacing  of 
0.54  c/s.  This  additional  splitting  is  the  result  of  long-rarige  spin-spin  coupling  of 
the  13CH3  protons  to  the  non-equivalent  12CH3  protons  four  sigma  bonds  away.  This 
spacing  of  the  quartet  is  just  the  coupling  constant  between  the  protons  of  the  two 
methyl  groups.   It  is  apparent  that  the  triplet  states  (3n)  might  be  expected  to  con- 
tribute to  the  H-H  coupling  in  sigma  systems  geminal  to  an  unsaturated  bond,  as  in 
acetone.  With  the  assumption  that  the  only  excited  state  of  importance  in  the  calcu- 
lation of  the  Jt-electron  contribution  to  the  coupling  constant  is  the  lowest  triplet  state 
valence  bond  calculations  similar  to  Karplus'  gave  results  which  were  in  good  agreement 
with  experiment.  Theory  predicts  a  negative  coupling  constant.  According  to  the 
standard  convention  (8)  Jttttj  is  taken  as  positive  when  the  anti-parallel  nuclear  spin 
orientation  leads  to  a  lower  energy  state  than  the  parallel  orientation.   In  acetone 
the  negative  value  of  J  ,  arises  because  the  two  groups  of  protons  are  both  directly 
coupled  to  the  same  unpaired  electron,  which  orients  the  proton  spins  parallel  to  each 
other. 

Long-Range  Coupling  in  Saturated  Compounds. --Long-range  coupling  in  saturated  compounds 
is  usually  most  noticeable  when  the  interacting  nuclei  are  fluorines.   It  seems  highly 
probable  that  the  mechanism  of  such  coupling  is  a  "through-space-coupling".  Physically, 
this  arises  through  interaction  of  the  p~electrons  centered  on  the  interacting  fluorine 
nuclei  (10).  This  coupling  can  be  accomplished  by  both  a  one-electron  (nuclear  moment  A: 
electron:  nuclear  moment  B)  and  a  two-electron  interaction  (nuclear  moment  A:  electron  1: 
electron  2 :  nuclear  moment  B) . 

It  has  often  been  observed  (11,12)  that  the  coupling  between  adjacent  fluorine  atoms 
in  the  system  CP3-CP2-  is  negligible  (<[2  c/s) ,  whereas  the  coupling  in  the  system 
CF3-C-CF2-  is  ca.  10  c/s.   Petrakis  and  Sederholm  (12)  have  concluded  that  these 
apparent  anomolous  coupling  constants  can  be  explained  in  terms  of  "through- space- 
coupling".  Assuming  the  staggered  conformations  are  favored,  the  distance  of  closest 
approach  of  the  fluorine  atoms  in  R-CFg-CF2-R'  is  ca.  2.73  A.  This  distance  is  apparently 
just  beyond  that  necessary  for  through-space-coupling.  A  change  in  the  C-C-R  angle  should 
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then  bring  about  a  change  in  the  internuclear  distance,  hence  in  the  coupling  constant. 
If  R  is  sufficiently  bulky  this  angle  will  be  opened  and  this  will  result  in  closer 
stable  distances  between  the  adjacent  fluorine  atoms,  hence  an  observable  coupling 
constant. 

In  two  of  the  nine  possible  staggered  conformations  of  the  CF2-CF2~CF2  group  the 
1,3-fluorine  atoms  are  closer  to  each  other  (2. 51  &)  than  the  closest  stable  distance 
between  the  1,2 -fluorine  atoms.   In  the  other  seven  conformations  the  F-F  distance  is 
greater  than  2.73  %.>   hence  these  configurations  do  not  contribute  to  the  coupling 
constant.  This  explanation  is  supported  by  the  examples,  I,  II,  and  III.   In  compound 
I  the  coupling  constants  are  those  expected  for  this  compound.   In  II  the  substitution 

GF. 


I  gF3-^-<         Ja^  1  e/a 

II  CF3-CF2-N~CF3  Jab^3,,T  C//s 

CF3- CF2 

III  CF3-CF2n^ 


CF'3-CF2 


N-CF2-CF3       J^T^  c/s 


of  a  perfluoroethyl  for  a  perfluoromethyl  group  increases  the  bulk  of  the  groups  around 
the  nitrogen3  hence  there  is  an  opening  of  the  C-C-N  bond  angle.  This  could  be  expected 
to  lead  to  greater  coupling  between  the  fluorine  atoms  and  indeed,  this  is  seen  to  be 
the  case.  The  coupling  constant  J  ,  goes  from  1  to  3-7  c/s.  The  substitution  of 
another  perfluoroethyl  group,  to  give  III,  leads  to  even  greater  coupling  of  adjacent 
fluorines  atoms,  and  J  -L.-1-h   c/s,  in  agreement  with  predictions.  Several  similar 
examples  were  given  which  led  Petrakis  and  Sederholm  to  conclude  that  coupling  between 
fluorine  atoms  takes  place  primarily  through  space  instead  of  through  bonding  electrons 
and  the  magnitude  of  this  coupling  is  a  sensitive  function  of  the  internuclear  distances. 
Rogers  and  Graham  (13)  have  given  some  support  to  this  theory  with  their  work  on 
compounds  of  the  type  RSF5  (IV). 


cf|cf3 


t 


b 


— — F,  J  ,  a/ 16.2  +  1  c/s 

J  */5  c/s 

b 


F 
a 


IV 


In  contradiction  to  the  above  theory  Gutowsky  (l4),  et  al. ,  have  proposed  that  the 
near-zero  F-F  coupling  of  CF3-CF2-  is  due  to  a  cancelling  of  the  trans  and  gauche 
coupling  constants.  They  found  this  to  be  the  case  in  l,l,2-trifluoro-l,2,2-trichloro- 
ethane  (V).  Manatt  and  Elleman  (15),  however,  have  found  the  opposite  to  be  true  for  VI. 

CF2C1CFC12     J JH21.17+  0.13  CF2BrCFBr2       J  =  +  l8.6  c/s 


V        J.  =440.0*1+  0.13  VI         J  =  +  16.2 

u  fit   — ~ 


u 


c/s 


Virtual  Long-Range  Coupling.— It  lias  been  pointed  out  by  Musher  and  Corey  (16)  that 
under  certain  conditions  an  apparent  long-range  coupling  will  be  observed  even  when  the 
coupling  constant  between  the  nuclei  involved  is  zero.  The  authors  give  a  qualitative 
explanation  for  this  phenomena  of  strong  coupling  which  has  previously  been  treated 
quantitatively  by  others  (17,18).  In  particular,  when  the  nuclei  of  a  particular  set 
are  strongly  coupled  together  they  behave  as  a  single  set  with  spin  angular  momentum 
(1-,+Ip-K  . . .  0 . . .  I,  )}a  rather  than  as  separate  nuclei  of  spin  angular  momentum  I  }/L,   I  ^.  ...etc 
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Then,  if  any  nucleus  (i)  outside  the  set  is  coupled  to  one  or  more  of  the  nuclei 
(j.......k)  within  the  set  it  is  effectively  coupled  to  all  of  them  even  though  its 


coupling  constant  with  the  jth  nucleus  is  zero. 


J.  •  C  •  o 


even  though  J.  .=0. 


The  2-proton  of  2-bromo-4,U-dimethyl  cyclohexanone  (VII)  shows  the  expected  first 
order  splitting,  whereas  the  3-proton  in  methyl  3  p-acetoxy-12-keto-ursolate  (VIIl), 
shows  only  a  broad  complex  multiplet.  Each  of  the  protons  is  expected  to  be  coupled  to 
the  adjacent  methylene  group,  hence  a  quartet  (or  possibly,  a  triplet)  is  predicted 


C17H26O3 


VII 


VIII 


for  each.  This  is  observed  in  the  first  compound  (VTl)  but  not  in  the  second  (VIIl). 
The  additional  complexity  of  the  proton  spectrum  of  the  triterpene  can  be  attributed 
to  virtual  coupling  with  the  C-l  methylene  protons  as  well  as  the  C-2  methylene  protons 
even  though  J    ^   0.  The  observed  broad  peak  cannot  easily  be  attributed  to  long- 
range  coupling3-1  between  the  C-l  methylene  protons  and  the  3-proton  (see  VIl)  since, 
in  this  case,  one  would  expect  an  observable  quartet  (J^3"5  c/s)  which  exhibits 
additional  small  splitting  (J^O.75  c/s). 

Stereospecificity  of  Long-Range  Coupling  in  Saturated  Systems. --Roberts,  et  al.  (19)  ^ 
recently  reported  a  number  of  long-range  coupling  constants  which  appeared  to  be  stereo- 
specific.   In  the  methacrolein  dimer  (IX)  the  aldehyde  proton  is  split  into  a  doublet 
by  one  of  the  adjacent  methylene  protons.   In  methyl  Ql,(3-dibromoi3obutyrate  (X)  one  of 
the  non-equivalent  methylene  protons  is  coupled  to  the  c -methyl  protons. 


Br 


CHc0 


a 

=1.5  c/s 


H 


c 
CH3. 


Br 


a> 


C02CH3 


Br  . 

J      ,  =0.75  c/s 
c-a  or  b  x 


'c-a  or  b  <J  _  _  ,,  =u«  C?  c/s  c-a  or  b  =1.6  e/s 

DC  C"a  or  D  X  XI 

l,l-Difluoro-l,2,2-tribromo-2-phenylethane  (Xl)  shows  H-F  coupling  over  at  least  five 
bonds,  probably  between  one  of  the  fluorines  and  the  2,6-protons  of  the  phenyl  ring.  In. 
a  more  thorough  study  (20)  of  2, 3-dibromo-2-phenyl -propane  (XII)  the  deuterated  compounds 
XIII  and  XIV  were  synthesized.   If  the  preferred  conformation  is  correctly  assigned  the 

Br         Br  ^ 

I  10<$  XII 

l&fo  XII 
29J  XIII 

94>  xiv    _/ V_ 


DY^ 


XIV 


JU-vJL 


fp   XII 
$  XIII 
21$  XIV 

Figure  1. --Methylene  spectra  of  XII,  XIII  and 
XIV. 

experimental  data  (Fig.l)  are  only  consistent  with  the  long-range  coupling  involving  the 
proton  trains  to  the  methyl  group. 

Roberts,  Davis,  and  Takahashi  (21)  have  found  that  l,l~difluoro-2,2-dichloro-3-phenyl- 
3-methylcyclobutane  (XV)  shows  a  long-range  coupling  between  one  of  the  non- equivalent 
fluorines  \F-2)  and  the  methyl  group  protons  five  bonds  away.  By  a  trial  and  error  fitting 
of  calculated  and  observed  spectra  (ABXY  system)  the  coupling  constants  were  determined. 
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j5s=9A  c/s 
Ji4=1.8  c/s 
jff=20.5  c/s 


jS-13.7  c/s 

J34=13.1  c/s 


H3X7H4 


The  stereochemical  relationship  of  the  two  hydrogens  to  the  methyl  group  was  determined 
by  deuterium  substitution  at  the  4-position.  Trans-  and  cis-4-deutero-l ,1-dif luoro-2 ,2- 
dichloro-3-phenyl-3«-methylcyclobutane  (XVl)  were  prepared  by  the  addition  of  trans - 


trans-  XVI 

and  cis-p-deutero-a-methylstyrene  to  l,l-difluoro-2,2-dichloroethylene.  It  was  found 
that  the  integrated  area  of  the  high  field  methylene  proton  (H-^-)  was  greater  in  the 
mixture  in  which  the  cis-  (XVl)  predominates  with  the  reverse  being  true  for  the 
predominantly  trans-(XVl)  mixture.  It  is  then  clear  that  R-k   is  trans  to  the  phenyl 
group.  The  stereochemical  relationship  of  F-l  and  F-2  with  respect  to  H-3  and  R-k   can 
now  be  determined. 

It  is  known  that  trans  ( axial -axial)  H-H  couplings  are  greater  than  gauche  (axial- 
equatorial  or  equatorial-equatorial)  couplings  in  saturated  rings  (22).  If  this  is 
true  for  H-F  couplings  F-2  must  be  cis  to  H-4,  jL.je.  3   looking  down  the  1,^-bond, 


20.5  c/s 


On  the  basis  of  this  evidence  Roberts  proposes  that  the  long-range  coupled  fluorine,  F-2, 
is  the  one  cis  to  the  methyl  group.  It  is  probable,  that  this  is  an  example  of  through- 
space-coupling  since  if  the  ring  is  strongly  puckered,  the  groups  coupling  are  expected 
to  be  rather  close  together  in  space. 

Cross  and  Landis  {27)}2.k)   have  examined  long-range  H-F  coupling  in  a  number  of  steroids 
and  they  find  that  such  coupling  is  observed  in  geometrically  favorable  conformations. 
Thus  in  the  6p-fluoro  steroid  XVII  the  19-protons  are  believed  to  be  split  (Jwlr=4.3  c/s) 
by  the  6p-fluorine  atom  five  bonds  away. 


HF 


C10H16O, 


AcO 


XVII 


-l4C~ 
Because  of  the  proximity  of  the  fluorine  and  the  methyl  protons  it  is  likely  that  such 
coupling  is  through  space.   Several  other  examples  by  the  authors  seem  to  indicate  that 
a  cis  relationship  between  the  coupled  fluorine  atoms  and  protons  is  preferred  for  long- 
range  coupling.  After  examination  of  100  fluorosteroids  the  authors  found  that  their 
results  can  be  encompassed  by  the  following  empirical  rule  (24):   Long-range  coupling 
between  angular  methyl  protons  and  fluorines  may  occur  only  when  a  vector^ directed 
along  the  C-F  bond  and  originating  at  the  carbon  atom,  converges  upon  and  intersects 
the  cone  of  vectors  drawn  along  the  angular  methyl  C-H  bonds  in  the  direction  of  the 
proton  and  originating  at  the  methyl  carbon. 

Meinwald  (25)  has  observed  long-range  H-H  coupling  between  protons  four  bonds  away 
in  exo-5-chlorobicyclo~(2.1.l)-hexane~exo-6~t-butylcarboxamide  (XVIIl).   The  protons 


.C0MC(CH3)3 
XvTII\| 
nb 

Ha  and  EL  show  an  AB  splitting  pattern  with  J-7  c/s.  The  analysis  of  this  system  was 
apparently  simplified  by  the  facts  that  the  two  methylene  protons  cis  to  each  of  the 
one  carbon  bridges  are  equivalent  and  that  there  is  no  coupling  between  the  bridge- 
head protons  and  the  other  protons.  The  assignments  were  confirmed  by  the  spectrum  of 
the  deuterated  compound  XVIX,  which  showed  the  C-5  proton  unsplit  and  the  remainder  of 


C0MHC(  CH3)  3 

XVTX 

the  spectrum  unchanged.  With  the  endo  isomer  XX  long-range  coupling  is  no  longer  evident, 

H  CI 


XX  x  C0MC(  CH3)  3 

indicating  a  favorable  geometrical  relationship  between  the  protons  is  needed.  Wiberg, 
et  al. ,  (26)  have  investigated  a  number  of  exo~  and  endo-bicyclo-(2.1.l) -hexanes  substituted 
in  the  6-position  and  have  found  that  the  coupling  between  the  protons  corresponding  to 
H  and  H,  in  I  is  between  7-8  c/s. 

Long-Range  Coupling  in  Unsaturated  Compounds. --Long-range  coupling  in  unsaturated  compounds 
was  first  observed  by  Hoffman  (27)  iiil^o.  He  observed  that  the  methyl  protons  of  mesityl- 
ene  were  split  (J^O.62  c/s)  into  a  lijijil   quartet,  presumably  from  eitherv'coupling  to  the 
three  aromatic  protons  or  from  coupling  to  the  ortho  protons  with  virtual  coupling  to  the 
para  proton.  This  work  was  extended  by  Hoffman  and  Gronowitz  (28,29)  and  they  have  com- 
piled a  number  of  long-range  coupling  constants  between  methylene  and  methyl  protons 
separated  by  four  or  five  bonds/'  \   ^CH2R  ;  CH3\_  -/CHsR  J  ;  between  the  protons  of 

teU"°\         /t=t^CH3  / 
the  two  methyl  groups  in  substituted  2-butenesj  and  between  protons  coupled  over  an 
acetylenic  system.  Prom  these  data  the  authors  have  concluded  that  in  the  olefins,  the 
cis  and  trans  long-range  couplings  have  about  the  same  magnitude  and  there  seems  to  be 
no  preferred  stereochemistry  for  such  coupling.   They  also  find  that  it  is  characteristic 
of  long-range  coupling  in  unsaturated  systems  that  these  couplings  are  not  rapidly 
attenuated  with  the  number  of  intervening  bonds.  An  especially  important  observation 
is  that  the  substitution  of  a  methyl  group  for  an  olefinic  or  acetylenic  hydrogen  gives 
about  the  same  long-range  coupling  constant  as  the  unsubstituted  compound,  e.g. , 
(B)   (c)       Oft      (cl 

^)CH3^C=G^C02CH3    l^"C\C02CH3  HC=C-CH3     J=2.8  c/s 

JACS+1'5  JACs1'2  C/S  CH3C=C~CH3     J-2.7  c/s 

h^1'2  JBCa1^  °/S 
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Since  it  is  proposed  that  long-range  coupling  in  unsaturated  and  aromatic  compounds  is 
dominated  by  a  rc-electron  coupling  mechanism  and  since  the  attenuation  factor  is  going 
from  a  directly  bound  proton  to  a  methyl  group  is  one,  it  is  possible  to  estimated  this 
rc-electron  contribution  to  the  coupling  between  protons  bound  to  sp2  or  sp  hybridized 
carbon  atoms.  The  procedure  would  be  to  substitute  a  methyl  group  for  one  of  the  coupling 
protons o  As  an  example  it  has  been  shown  by  this  method  that  the  coupling  of  the  ring 
and  thiol  protons  in  thiophenethiols  is  primarily  due  to  rc-electron  coupling  (30). 


J3H 


~CH3 

JSH~CH3a°'75  C/S  JSH~H-2 

On  the  other  hand  the  long-range  coupling  in  2-  and  3 -methyl  thiophenes  indicates  that 
only  about  20  percent  of  the  coupling  J23  is  due  to  the  re-electrons  ( 30) . 


j23s4.9-508  c/s  Jch3-230°95  c/s 

Roberts  and  Snyder  (31)  have  investigated  a  number  of  allenic  and  polyacetylenic 
systems .   Their  results  are  listed  in  Table  %. 

TABLE  III 
Long-Range  Coupling  Constants 

(CH3)2C-C=CH2  Ji4=3«03±.O6  c/s 

( CH3) 2C»C*CHC1  J14-2.liH-.O8 

HCsC-CsC-H  J14-2.2  +0.2 

CH3-CsC-CsC-H  J15=1.27+.05 

CH3-CiCClCCH3  Jis-1 .3+0.1 

CH3CSCCsCCiCCH2OH  Jisa0. k  " 

It  follows  from  Karplus1  theory  that  compounds  for  which  valence  bond  structures  can  be 
written  in  the  manner  of  "second  order  hyperconjugation"  (32)  (involving  H-H  bonds)  can 
be  expected  to  show  some  degree  of  coupling  between  these  two  protons.   Thus  one  would 
expect  long-range  coupling  for  acetylenic  systems  of  the  general  forms, 

^CH-(CsC)n-CHC 

HC5C-(CiC)n-C5CH  •*-*-  :C=C=(C«C)nBC=C: 
^GH-(C-C)n-CSCH  -^   )fe(Cac)ri-c2c: 

The  postulate  of  Hoffman  and  Gronowitz  (28^29)  that  the  coupling  constant  between  two 
protons  remains  constant  when  one  is  replaced  by  a  methyl  group  is  apparently  not  valid 
in  the  case  of  the  acetylene  series  where  the  substitution  of  a  methyl  group  for  a 
hydrogen  in  diacetylene  causes  a  large  decrease  in  J.  Hoffman's  theory  was  based  on  the 
fact  that  the  fragments  I  and  II  have  equal  absolute  magnitudes  for  their  hyperfine 
interaction  constants.  The  failure  of  this  theory  to  hold 

in  the  acetylene  series  may  arise  because  of  a  possible    H-C°  H3C-C  HCaC-C-   CH3C-CC° 
difference  in  the  hyperfine  interaction  constants  for      _     TT     __T       _v 
the  fragments  III  and  IV. 

Anet  (33)  has  reported  a  long-range  H-H  coupling  between  protons  in  different  rings  in 
polyaromatic  compounds.  Tnus,'  he  found  that  in  5,7-dichloroquinoline  and  5,7-dimethyl- 
quinoline  there  is  evidence  for  long-range  coupling  between  the  k-   and  8-  protons  with 
J48=0.8  c/s. 
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DIIMIDE  CHEMISTRY 


Reported  by  John  F.  Coleman 
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Intense  investigations  are  currently  being  carried  on  in  several  laboratories 
on  a  new  method  for  the  reduction  of  symmetrical  multiple  bonds.   It  has  been  proposed 
that  the  active  reducing  agent  in  this  method  is  the  very  elusive  compound,  diimide 
(N2H2) .  Under  conditions  where  diimide  apparently  is  formed ,   the  following  types  of 
reactions  have  been  observed : 

1)   Reductions  of  (a)  azo  linkages  and  (b)  mono-  and  (c)  di -substituted  olefinic 
linkages  are  effected  (l)„ 


a) 

C6H^ 
1 

C6Hs 

90fo 

C6H5       H 

1 
N 

06^5         H 

b) 

H-C-COOH 

fi 

H-C-COOH 

N2H3, 

m 

H2-C-COOH 

1 

H2-C-C00H 

RBq 

RiRp 
C6H5-C-C-C00H 

c) 

1 

=C-C00H 

NaSa, 

H 


J. 


2)   Lactone  rings,  acid  and  hydroxyl  groups  are  unaffected  (2). 


a) 


Ma, 


Nitro  compounds  and  nitriles  are  not  reduced  (3) 

e)  C6H5N02   -«fe>   No  Reaction 

f)  CsHs-CEN  N^>  No  Reactic 


.on 


3)   The  reduction  of  symmetrical  multiple  bonds  is  stereospecific  with  cis  addition  of 
hydrogen  (k)  . 


g)   CHa-^-COOH    N^IU,  HgOg^ 
CH3-C-COOH 


COOH 

I 
CH3-C-H 

CH3-C-H 

COOH 


(only  me  so) 


h)      Deuterium  can  be  incorporated  into  an  olefinic  compound  by  stereospecific  cis 
addition  (3)0   There  is  no  deuterium-hydrogen  exchange  at  saturated  carbons  as  with 
catalytic  deuteriation  (5) . 


b) 


CRH 


0.5    /CsHs 


c=c 
h/ 


N^, 


D 


I     I 

C C D 


II 


CIS 


( only  me so) 


H 


i) 


J) 


C&H5    /H 

N:=c 

H    XC6H5 
trans 


OOH 


NgJ)2, 


D; 


catalyst 
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CsHs  H 

D C C--  -D 

I     I 

H    C6H5 

dl 


COOH 


59-^-do 

33.0$  d! 

G.Vfo  d2 

l-5#  d3 


C«H 


6^5 


89-7$  d, 

8.5$  a- 

1.3$  d- 


Evidence  for  the  Existence  of  Diimide 


Diimide  was  first  proposed  as  an  inter- 


mediate in  the  decomposition  of  azodicarboxylic  acid  by  Thiele  in  1892  (6) ,  but  physical 
evidence  for  the  presence  of  diimide  was  not  advanced  until  the  work  of  Foner  and 
Hudson  in  1958  (7) °   Foner  and  Hudson  (7)  prepared  diimide  by  the  thermal  decomposition 
of  hydrazoic  acid  and  hydrazine,  by  the  method  of  Rice  and  Freamo  (8,  9) „  By  decom- 
posing either  of  these  two  compounds  and  immediately  freezing  the  products  in  a  liquid 
nitrogen  trap,  they  obtained  a  blue,  paramagnetic  solid ,  This  deposit  was  allowed  to 
warm  slowly,  and  the  gaseous  vapors  were  analyzed  in  the  m/e  Ik   -  100  range  with  a  free 
radical  mass  spectrometer  developed  by  Foner  and  Hudson  (10) .   The  gaseous  vapors  con- 
sisted of  hydrazoic  acid,  nitrogen, ammonia  and  an  unknown  material  with  parent  peak  at 
m/e  30  (about  2$  of  the  total  mixture) .  The  NH  radical  could  not  be  found.   The  same 
experiment  was  repeated  with  partially  deuteriated  hydrazoic  acid  [DN3+/(DN3  +  HN3+)  = 
0»39Jj  "the  results,  listed  in  Table  I,  confirmed  the  N2H2  composition. 

TABLE  I 

Isotopic  Distribution 

N2H2  NaHD  NaD2 
Measured  0=35  0.45  0.20 
Expected     0,37     0,48     0,15 

Rice  and  Freamo  in  their  pioneer  work  (8,  9)  found  the  solid  changed  suddenly  to  white 
ammonium  azide  at  148°  K,,  which  supports  the  stoichiometry  (M)x.   They  considered 
the  initial  step  to  be  as  shown,  with  the  imide  radical  forming  a  series  of  inter- 
mediates which  lead  finally  to  ammonia  or  hydrazoic  acid. 

HN3  —  *  -[MH]  +  N2 

A  second  isolation  of  diimide  was  carried  out  by  Corey  and  Mock  (l).   They  pre- 
pared anthracene -9, 10-biimine  (I)  by  hydrolysis  and  decarboxylation  of  the  anthracene- 
diethyl  azodiformate  adduct  under  nitrogen.   Thermal  decomposition  of  this  biimine  at 
100°  C„  in  vacuum  at  the  inlet  of  a  mass  spectrometer  caused  the  appearance  of  peaks 
at  m/e  28,  29  and  30  with  relative  intensities  of  l:2;l6.   The  peak  at  m/e  30  shifted 
to  m/e  32  when  the  N,N'-dideuteriated  biimine  was  used.   Since  the  m/e  30  peak  would  not 
be  produced  by  anthracene,  hydrazine  or  nitrogen  under  their  conditions,  they  concluded 
that  diimide  was  present  in  the  system,  which  appears  to  act  according  to  the  equations 
shown. 


(-100°) 


MH 
NH 


X=C. 


W 


/ 


CH 


+  Nj 
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Piraentel  and  coworkers  (11)  decomposed  gaseous  hydrazoic  acid  by  the  method  of 
Rice  and  Freamo  (8)  and  found  four  infrared  bands  which  they  could  not  assign  to 
substances  of  known  structure.   From  the  appearance,  disappearance  and  intensities 
of  these  bands,  two  bands  (3320  and  1090  cm,  1)    were  assigned  to  a  compound  with  the 
stoichiometry  (NH)   where  x  is  greater  than  2,  and  the  other  two  (3230  and  860  cm.  x) 
to  diimide.   The  NH  radical  was  also  proposed,  which  would  explain  the  blue  color  and 
paramagnetism  of  the  solid  formed  upon  freezing  the  gaseous  decomposition  products.  Blau 
and  coworkers  (12)  also  decomposed  hydrazoic  acid  in  the  same  manner  and  concluded  that 
nitrogen,  ammonia,  diimide  and  N3H3  were  present  from  mass  spectrometric  data.   They 
obtained  a  yellow  substance  which  changed  to  a  white  solid  upon  warming  to  120°  K. 
Although  different  unassigned  infrared  bands  were  found,  they  still  proposed  that  diimide 
was  present.   The  imine  -N-H  stretching  band  appears  around  3^-00-3300  cm,  x   and  the 
-N=N-  stretching  band  near  1630-1575  cm°  1  according  to  Bellamy  (13) „   Blau  assigns 
3205  cm,"1  to  the  N-H  stretch  in  diimide  and  1^06  cm,  -1  to  the  -N=N-  stretch,  while 
Pimentel  assigns  3230  cm."1  to  the  -N-H  stretch  with  no  -N=N-  band  found.  No  assign- 
ment was  given  for  the  absorption  at  860  cm,  -1  observed  by  Pimentel, 

Formation  of  Diimide,  --  It  has  already  been  mentioned  that  diimide  can  be  produced 
from  the  thermal  or  electrical  decomposition  of  hydrazoic  acid  and  hydrazine  (7)  ,   but 
so  far  these  methods  have  not  been  used=to  prepare  diimide  for  reduction  of  unsaturated 
bonds.  The  decomposition  of  anthracene -9, 10-biimine  produces  diimide  in  a  system 
suitable  for  the  reduction  of  unsaturated  symmetrical  bonds  (l) „ 

Besides  the  methods  just  mentioned,  there  are  several  other  methods  which  are 
thought  to  produce  diimide  as  an  intermediate  since,  as  will  be  shown  later,  multiple 
bond  reductions  in  these  systems  occur  in  the  same  same  manner  as  they  do  in  systems 
which  are  known  to  contain  diimide  as  the  active  reducing  agent. 

Many  workers  have  undoubtedly  prepared  diimide  by  the  decomposition  of  azodi- 
carboxylic  acid  or  its  salts,   Thiele  (6)  first  considered  diimide  as  an  intermediate 
in  the  following  reaction: 

N-COOH 

ll-COOH  — ->  HN=NH+2C02 


2HN=NH 


fast 


>  HaN-NH2  +  N2 


Since  he  could  not  isolate  the  species,  he  concluded  it  was  not  present. 

Recently,  van  Tamelen  has  shown  that  salts  of  azodicarboxylic  acid  effect  satura- 
tion of  model  olefins  under  appropriate  conditions  (lk) ,  He  confirmed  the  results  of 
the  reductions  by  infrared  spectra  and  gas  chromqtography.  This  type  reaction  can  be 
represented  as : 


N-CO; 
II 

N-CO; 


CH30 


H  r^vNCH=CH2 


quinine 


MeOH,  H 


r+ 


N; 


3-12  hours,  r.t„ 


CH3O. 


H  ^.CH2CH3 


\N. 


+  C02  +  N2 


dihydroquinine  (7&?°) 


The  oxidation  of  hydrazine  is  another  good  preparative  method  for  diimide.   It  has 
been  found  that  hydrazine  is  oxidized  in  refluxing  ethanol  in  the  presence  of  air  (1.5- 
21)  y  by  ferricyanate  ion  (22,  23);  by  peroxide  with  cupric  ion  catalyst  (k ,  2k)  °f   and  by 
Raney  nickel  catalyst  with  access  to  air  (26-28),   It  has  also  been  shown  that  all  of 
these  systems  will  reduce  symmetrical  multiple  bonds; 
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NaH4  +  [0]  >     N2H2  +  H20 

NsH2  +  ^C=c(— *  ^CH-CH^  +  N2 

Thermal  decompositon  of  p_-toluene-  or  benzene -sulfonylhydrazine  also  yields  diimide 
(23,  28,  29): 

C6H5S02KHNH2  — - ^     CsHsSOsH  +  N2H2 

All  of  these  methods  except  the  thermal  decomposition  of  anthracene -9, 10-biimine 
had  been  developed  in  attempts  to  prepare  hydrazoic  acid  from  the  decomposition  of 
hydrazine  or  its  derivatives  according  to  the  equation: 

2N2H4  +  2[0]  >     HN3  +  NH3  +  2H20 

Some  of  these  workers  were  looking  for  diimide  but  could  not  find  it  (29-^5)  °   For  a 
general  review  of  this  work,  see  (46)  and  (^7)  °   The  majority  of  this  work  was  summari- 
zed in  the  conclusions  of  Kirk  and  Browne  (37) «   They  concluded  that  in  order  to  account 
for  the  varying  hydrazoic  acid:ammonia  ratio  in  the  oxidation  products  of  hydrazine,  more 
than  one  reaction  path  must  be  present,  depending  on  the  type  of  oxidizing  agent.   They 
classified  the  oxidizing  agents  as  one  or  two  electron  donators  and  proposed  the  fol- 
lowing reactions: 


(3) 


(1)         jT~~le^  K    }     I  ~~^2e~ 

NH2NH  M2-N  HN=NH 

I  Ir  I 

NH2NHNHHH2  Mi2l=NFH2  HN=N-NH-NH2 

i  I  i 

2NH3  +  N2  N2  +  N2H4  HN3  +  NH3 

This  scheme  not  only  explained  the  different  products  obtained  (KH3,  N2,  N2H4,  HN3) 
under  different  conditions,  but  it  also  explained  the  mixtures  when  oxidizing  agents 
which  donated  three  or  more  electrons  at  a  time  were  used.   This  scheme  also  agrees 
with  the  later  isotopic  studies  of  the  oxidation  of  labeled  hydrazine  with  a  number  of 
oxidizing  agents  by  Cahn  and  Powell  (38) .  Both  groups  agreed  that  either  cupric  ion  or 
hydrogen  ion  present  as  a  catalyst  increased  the  amount  of  products  expected  from 
path  (3).  To  account  for  this  it  was  suggested  that  not  only  did  the  normal  path  (3) 
progress  as  usual,  but  that  the  step  shown  is  relatively  fast. 

N2H3  +  Cu*4"  ■»  N2H2  +  Cu+  +  H+ 

From  their  isotopic  studies  on  the  oxidation  of  hydrazine,  Higginson  and  coworkers 
(kl-k-3)    proposed  two  limiting  reactions: 

2N2H4  +  [0]  >     N2  +  2KH3  +  H20 

N2H4  +  2[0]  >   N2  +  2H20 

I  le"  ->  N2H3  -£-. >     N2H2  -^— >  N2 


The  above  oxidation  schemes  are  the  best  that  have  been  proposed.   They  are  consis^ 
tent  with  isotopic  data  and  all  known  products.   In  at  least  one  example  of  each  of  the 
above  preparative  methods,  it  has  been  shown  that  multiple  bonds  are  reduced  under 
equivalent  conditions.   This  helps  support  the  proposals  for  the  existence  of  the 
intermediate  diimide. 

Applications  of  Diimide  to  Organic  Chemistry  --  A.   Reduction  of  Symmetrical 
Multiple  Bonds.   Corey  has  reduced  a  considerable  number  of  olefins  using  three  main 
systems  (hydrazine-air-trace  copper  ion;  hydrazine -hydrogen  peroxide -trace  copper  ion; 
decomposition  of  potassium  azodiformate) .   They  include  maleic  acid  to  succinic  acid 
(87$);  fumaric  acid  to  succinic  acid  {1&I°)  ;   trans -stilbene  to  1,2-diphenylethane  (88$); 
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exo-A5-norbornene-2-carboxylic  acid  to  exo- 
Hilinig  has  duplicated  some  of  this 


butyne-l,4-diol  to  butane -1,4-diol  (hCffo)  » 
norbornane-2-carboxylic  acid  (82$)  and  others 
work  with  equal  success  (22) . 

Using  sodium  azodicarboxylate  and  acetic  acid  in  methanol,  van  Tamelen  (Ik)   has 
reduced  oleic  acid  to  stearic  acid  (51#)j  allyl  alcohol  to  1-propanol  (78$)  and  others. 
Aylward  and  Rao  (17-20)  also  reduced  a  series  of  unsaturated  fatty  acids  with  hydrazine 
in  refluxing  ethanol.   They  obtained  an  average  of  90$  reduction  in  eight  hours  with 
excess  hydrazine  and  constant  agitation., 

The  addition  of  hydrogen  to  multiple  bonds  has  been  estimated  to  be  at  least  97$ 
stereospecific  when  diimide  is  used  (k)  .   The  cis  addition  to  dimethylmaleic  acid  to 
yield  only  the  meso-dimethylsuccinic  acid  has  already  been  cited  (V)  ■   In  a  similar 
reduction  of  diphenylacetylene,  the  stereospecificity  was  further  demonstrated  (k) . 
No  trans -stilbene  was  isolated  or  detected  by  infrared  analysis.   Yields  were  not 
reported . 


^6^5-0=0-0^11 


6-^5 


H  H 

I  I 

CgH5~C=C-CgH5  +  CgH5-CH2CH2-CgH5 
cis -stilbene 


B  Deuteriation  of  Multiple  Bonds.  --  Deuteriation  can  be  carried  out  very  effectively 
in  several  diimide  systems.   Corey  has  used  deuteriohydrazine -oxidizing  agent  and 
potassium  azodiformate -deuterium  oxide  systems  to  obtain  stereospecific  cis  addition 
of  deuterium  (k) : 


H-C-C02H 

II 
H-C-C02H 


N^ 


COOH 

I  ' 
H-C-D 

I 
H-C-D 

I 

COOH 


( only  me  so) 


H-C-C02H 
II 
HOOC-C-H 


NsD^ 


COOH 

I 
H-C-D 

I 
D-C-H 

I 

COOH 


(dl  mixture) 


The  structures  of  the  above  products  were  determined  by  infrared  analysis  since 
the  deuteriated  acids  absorb  very  differently  in  the  8-9  U   region  (48) .   In  this 
region,  distinction  can  be  made  between  the  meso-  and  dl -symmetrically  dideuteriated 
acids  as  well  as  the  unsymmetrically  dideuteriated  acid.   No  unsymmetrical  acid  was 
found . 

Reduction  of  cis-  and  trans -2-butene-l^-diols  yielded  only  meso-  and  dl-2,3- 
dideuteriobutane-l,f-diols ,  respectively.   Other  systems  yielded  similar  products  (k) „ 

There  are  several  outstanding  advantages  in  the  use  of  "N2D2".   The  dideuteriation 
can  be  effected  with  deuterium  oxide  as  the  deuterium  source,  the  products  are  those 
of  cis  addition  of  deuterium,  and  there  is  no  deuterium-hydrogen  exchange  as  with 
catalytic  deuteriation  systems  (5). 

C  Special  Cases  of  Diimide  Reduction  --  To  demonstrate  the  high  order  of  selecti- 
vity of  diimide  reductions,  van  Tamelen  attempted  to  reduce  the  double  bond  in  allyl 
disulfide  without  breaking  the  sulfur-sulfur  linkage  (3).   He  treated  allyl  disulfide 
with  three  moles  of  tosylhydrazine  in  ethylene  glycol  with  heating.   Reduction  to 
propyl  disulfide  occurred  in  ^-lOCffo   conversion.   There  was  no  destruction  of  the  sulfur- 
sulfur  bond. 


(CH2=CH-CH2-S)2 


Ma» 


(  CH3CH2CH2S)  2 
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Cohen  found  an  apparent  diimide  reduction  in  an  attempt  to  prepare  III  from  the 

adduct  of  diethylazodicarboxylate  and  cyclopentadiene  (lj-9)  .  When  attempts  were  made 

to  saponify  this  adduct  (II)  with  two  moles  of  base,  III  was  not  obtained,  but  the 
isomeric  compound  IV  was  found  in  20$  yield. 


-\- 


III 


II 


IV 


The  best  explanation  for  this  is  that  upon  saponification  of  II,  III  was  formed  but 
rapidly  underwent  a  reverse  Diels -Alder  reaction  to  give  diimide  and  cyclopentadiene 
(found  in  35$  yield  in  the  product  mixture).   The  diimide  could  then  reduce  unreacted 
adduct  II  or  III,  Alternatively,  III  might  undergo  intramolecular  disproportionation 
to  yield  IV, 


V 


D  Reduction  of  Unsymmetrical  Multiple  Bonds  by  Diimide.  --  Aylward  and  co-workers 
(16-20,  2By  have  reduced  unsaturated  acids,  alcohols  and  hydrocarbons  in  ethanolic 
solutions  of  hydrazine  with  results  showing  that  the  carbon-carbon  double  bonds  in  all 
of  these  were  reduced  in  the  presence  of  a  weak  acid,  but  that  the  carbonyl  and  hydroxyl 
groups  were  not  reduced  at  all. 

It  has  already  been  shown  that  systems  with  symmetrical  multiple  bonds  are  easily 
reduced  by  diimide.   Others  besides  ^C=CN  and  -C=C-  are  -N=N-  and  0=0  (air  oxidation 
of  hydrazine) .   Reduction  of  polar  bonds  is  more  difficult.   Van  Tamelen  found  that 
acetonitrile ,  nitroethane,  and  dimethylsulf oxide  were  not  reduced  under  normal  condi- 
tions (3).   Georgian  (21)  has  found  that  hydrazine  in  the  presence  of  alkali  will 
desulfurize  cyclic  or  acyclic  dithioketals  at  temperatures  between  90  and  190°C„  in 
about  three  hours,  although  van  Tamelen  (3)  could  not  reduce  a  dithioketal  under  normal 
conditions, 

Prom  the  examples  given,  it  can  be  qualitatively  stated  that  diimide  will  reduce 
symmetrical  multiple  bonds,  but  not  unsymmetrical  bonds  under  ordinary  conditions . 


The  Structure  of  Diimide,  --  Before  the  structure  of  diimide  is  considered,  these 
points  may  be  reviewed : 

1)  Reduction  of  multiple  bonds  can  be  effected  by  the  following  methods:   a) 
oxidation  of  hydrazine j  b)  decomposition  of  azodicarboxylic  acid  or  its  salts j  c) 
decomposition  of  aryl  sulfonylhydrazines j  or  d)  decomposition  of  anthracene -9,10- 
biimine  (I)  . 

2)  All  these  methods  are  believed  to  produce  the  intermediate  diimide  and  diimide 
has  been  identified  in  some  cases. 

3)  Diimide  possesses  a  finite  lifetime,  although  its  decomposition  into  N2  and  H2 
or  into  N5H4  and  N2  is  inevitable  in  the  absence  of  a  hydrogen  acceptor. 

h)    It  has  been  shown  that  in  these  systems,  the  reduction  is  close  to  9T$>  stereo- 
specific  by  product  analysis  (infrared  spectra,  vapor  phase  chromotography,  etc.), 
with  cis  addition  of  hydrogen  occurring. 

If  it  is  proposed  that  diimide  is  the  active  reducing  agent  in  all  of  these  systems, 
the  structure  of  diimide  can  be  considered  as  follows. 

For  the  molecular  formula  N2H2,  three  feasible  structures  can  be  shown. 
^  mi  H   H  H 

unsymmetrical        cis -symmetrical      trans -symmetrical 

As  has  been  mentioned,  reductions  carried  out  in  systems  proposed  to  form  diimide  as 
the  reactive  reducing  agent  give  stereospecific  reductions  which  show  quite  general 
cis  addition  of  hydrogen.   This  led  Htfnig  (22)  to  suggest  a  mechanism  involving  a 
multicentered  attack  of  the  cis-diimide  on  the  olefin.   Corey  (k)    also  proposes  a 
synchronous  transport  of  a  pair  of  hydrogen  atoms,  that  is,  a  cyclic  addition  of  two 
hydrogen  atoms  either  in  exact  or  nearly  exact  concurrence.   This  path  may  be 
represented  as : 

A)       H   +  H    >  H'     >     >  /,    p- 


\    / 

N=N 


H   H 


+  N=N 


This  path  explains  the  stereospecific  cis  addition  of  hydrogen  and  also  utilizes 
the  driving  force  of  nitrogen  formation  in  the  addition  reaction.   This  path  (A) 
does  not  rule  out  the  unsymmetrical  structure  0  q         though  this  structure  is  rendered 

N=NH2, 
less  likely  by  the  fact  that  anthracene -9, 10-biimine  (I)  yields  diimide  upon  thermal 
decomposition.   The  most  likely  mechanism  for  this  decomposition  would  support  the 
symmetrical  structure  of  diimide.  Also  the  decomposition  of  azodicarboxylic  acid 
(N-COOH)  to  yield  NaH2  and  C02  supports  the  symmetric  structure.  A  likely  mechanism 
M-COOH 
for  this  would  be : 

in-coog     rn      ile  „  .       m  __       m  m  nh 

9     z£0a>     II  e       HaO  j|  ^CO^  H^O  ,  ,, 

)  |N-C00W  0       N-C00W  |lje  0       NH  HN 


I-COO 


In  favor  of  the  trans  structure  of  diimide,  it  is  found  that  in  the  analogous  com- 
pounds azomethane  [(CHa)2N2]  and  azobenzene  [(C6H5)2N2],  the  methyl  or  phenyl  groups 
prefer  the  trans  configuration  (5O-52) .   The  energy  barrier  for  the  conversion  of  trans  - 
azobenzene  to  cis-azobenzene  has  been  found  to  be  about  23  kcal/mole  (53, 54) ,  but  the 
trans  form  can  be  isomerized  into  an  equilibrium  cis -trans  mixture  by  acid  or  cupric 
ion  catalysis  (5*0  « 
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A  different  equilibrium  (55%  cis -hyp   trans)  can  be  obtained  by  irradiation  of  trans- 
azobenzene  ( 52)  . 

Although  the  true  structure  of  diimide  is  not  yet  known,  it  can  be  postulated  that 
even  if  the  cis  structure  is  not  the  predominant  (or  only)  form,  it  seems  to  be  the 
only  reactive  form.   If  the  trans  form  is  the  more  stable,  the  general  cis  addition  of 
hydrogens  during  reduction  implies  that  there  must  be  a  rapid  cis -trans  equilibrium. 
If  the  energy  barrier  between  the  cis  and  trans  forms  is  high,  the  isomerism  may  also 
be  acid  or  cupric  ion  catalyzed  since  it  has  been  found  that  the  decomposition  of 
hydrazine  and  other  compounds  thought  to  form  diimide  as  an  intermediate  are  catalyzed 
by  acid  and  cupric  ion  (4 ,  24) . 

If  the  trans  form  is  indicated  as  the  active  reductant,  it  is  found  that  the 
following  mechanism  must  be  followed  as  a  limit. 


B) 


-  /H 
N=N 


slow. 


>CH 

H-N=N 


fast 


"CH-CH 
/   \ 


+   N; 


H 


If  this  were  the  mechanism,  the  addition  of  the  second  hydrogen  must  be  faster  than 
the  time  needed  for  rotation  about  the  carbon-carbon  single  bond.   Because  of  the  high 
stereospecificity  by  cis  addition,  this  path  seems  rather  improbable. 

In  summation:  A)  Diimide  has  been  found  under  the  same  conditions  where  symmetri- 
cal multiple  bonds  are  stereospecifically  reduced.   B)  Under  these  and  analogous  condi- 
tions, the  reduction  of  double  bonds  is  stereospecific  and  quite  generally  cis;  and 
diimide  is  proposed  as  the  active  reducing  agent  in  these  systems  as  well.   C)  The 
most  likely  structure  for  at  least  the  reactive  species  of  diimide  is  the  cis- 
symmetrical  structure. 
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THE  FERRIOXAMINES 
Reported  by  Clifford  H.  Cox  January  7,  19&3 

In  i960,  a  new  group  of  non-porphyrin,  iron-containing  natural  products  was  iso- 
lated from  streptomycetes  by  Bickel,  Gaeumann,  Keller-Schierlein,  Frelog  and  co- 
workers (l).   This  new  group,  given  the  name  ferrioxamines,  was  found  to  promote 
growth  among  a  variety  of  organisms,  including  yeasts,  fungi,  and  algae  (2).   The 
ferrioxamines  have  been  included,  together  with  several  related  known  substances, 
in  a  new  class  of  growth  factors  for  microorganisms,  the  sideramines.   The  sider- 
amines  are  chemically  characterized  either  as  being  iron  complexes  or  as  being  able 
to  form  complexes  from  iron  and  are  biologically  characterized  as  being  antagonists 
of  the  sideromycins,  a  group  of  iron-containing  antibiotics  also  obtained  from  strepto- 
mycetes  (l,  3>  *0  •   This  antagonism  is  the  basis  of  a  test  for  biological  activity 
in  ferrioxamines  which  will  be  referred  to  later  in  this  abstract.   The  sideramines, 
sideromycins  and  several  other  related  natural  products  have  been  grouped  together 
and  given  the  name  siderochromes.   The  siderochromes  are  characterized  chiefly  by 
electronic  absorption  at  k20~hk0  mu,  indicating  the  presence  in  siderochromes  of  a 
hydroxamic  acid-iron  chelate  ring  (l). 

The  ferrioxamines  themselves  are  characterized  by  their  biological  activity, 
their  reddish-brown  color,  and  their  iron-complex  absorption  at  V30  mn  in  water. 

NOMENCLATURE  AND  SEPARATION 


To  date,  there  have  been  isolated  eight  ferrioxamines,  designated  ferrioxamines 
A,  B,  C,  Di,  D2,  E,  F5  and  G  (5,  6).  This  nomenclature  apparently  was  derived,  roughly, 
from  the  order  of  their  counter -current  distribution  coefficients.  Ferrioxamines  Dj 
and  D2  were  originally  thought  to  be  one  ferrioxamine,  designated  D. 

The  first  step  in  the  separation  of  the  ferrioxamines  was  an  80-step  counter-cur- 
rent distribution  in  the  solvent  system  n-butanol/benzyl  alcohol/o. 02  N  hydrochloric 
acid/saturated  aqueous  sodium  chloride  solution  (5:10:15:3)»   These  80  fractions  were 
then  divided  into  four  fractions  which  contained  ferrioxamines  A,  B,  C, and  D-F,  re- 
spectively.  Through  ion-exchange  chromatography  within  the  fourth  fraction,  ferriox- 
amines D,  E,  and  F  were  separated.  Ferrioxamines  Di  and  D2  were  separated  by  ex- 
traction with  chloroform  of  a  saturated  sodium  chloride  solution  containing  both  of 
them j  ferrioxamine  D2  remained  in  the  aqueous  layer  (5). 

A  small  quantity  of  ferrioxamine  G  was  separated  by  ion-exchange  chromatography 
from  a  large  quantity  of  ferrioxamine  B,  isolated  as  described  above  (6). 

Of  these  eight  ferrioxamines,  ferrioxamines  B,  T>1}   E,and  G  have  thus  far  been  the 
objects  of  intensive  structural  investigation.   The  greater  part  of  the  remainder  of 
this  seminar  will  deal  with  the  structural  elucidations  and  the  chemical  syntheses  of 
these  four  ferrioxamines. 

STRUCTURAL  STUDIES 


Ferrioxamines  B,  Dx,  E,  and  G  have  been  found  to  be  decomposed  readily  by  hydrolysis 
in  acidic  or  basic  media  (7,  8,  9,  6).   The  primary  hydrolysis  products  of  the  four 
ferrioxamines  are  listed  in  Table  I  below. 

TABLE  I 
! ! true tural  Data 


ferrioxamine 
B 

Di 

E 
G 

■'•acetic  acid 


Empirical 

Formula    

C25H45N608Fe 
C27H47Ns0gFe 
C27H45N609Fe 
C27H47N60loFe 

2, 


Primary 


Hydrolysis  Products 

,  a.h.p? 
a.h.p. 


a .  a.-} 
a. a. 


s.a? 


a. 
a. 


s.a, 

a.h.p. 

a.h.p. 


Product 
Ratio 

1:2:3 
2:2:3 

1:1 

1:1 


Hydrolysis 
Medium 

6  N  HC1 
2  N  HC1 
2  N  HC1 
6  N  HC1 


■succinic  acid 


3i 


-amino- 5 -hydroxylaminopenta ne 


Reference 

(7) 
(8) 

(9) 
(6) 
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Acetic  acid  and  succinic  acid  were  readily  identified,  but  not  the  remaining 
hydrolysis  product.   Chemical  tests,  elemental  analyses,  and  titration  results  led 
Bickel,  Prelog,  et  al. ,  to  propose  l-amino-5-hydroxylaminopentane  as  the  remaining 
product  and  this  compound  (III)  was  synthesized  (10).   l-Fhthalimido-5-hromopentane 
(I)  was  treated  with  silver  nitrite  in  nitropropane  to  yield  crude  l-phthalimido-5- 
nitropentane  ( II) .   This  product  was  then  cleaved  to  l-amino-5-nitropentane  hydro- 
chloride (III)  by  hydrazine  monohydrate  at  25°.   Reduction  of  III  with  zinc  in  water 
gave  l-amino-5-hydroxylaminopentane  dihydrochloride  ( IV) .   This  product  was  found  to 

0  Q 


G^C\          AgNOp    r^v>^C\     v      N2H4*H20     .    . 
|    J^(CH2)5Br  -^-^   f   If    W(CH2)5N02  —^z >   M2(CH2)5N02'HC1 
kc-"^          PrW02    ^/^C^                               25° 


I 


III 

Zn 
I  II  * 

NH2( CH2) 5NHOH-  2HC1 
IV 


be  identical  with  the  dihydrochloride  of  the  third  hydrolysis  product  of  ferriox- 
amines  B,  Di,  E,  and  G. 

When  the  iron  was  removed  from  any  of  these  four  ferrioxamines  under  mild  basic 
hydrolysis  conditions,  a  single  organic  product  was  obtained  in  every  case.  Infrared 
absorption  at  ca.  3k6o,  l6ko,  and  1580  cm."1  gives  evidence  for  amide  linkages*  This 
evidence,  along  with  the  observed  hydrolysis  products,  leads  to  the  postulation  of  a 
multi-dentate  ligand  structure  containing  amide  linkages,  -CONH-,  and  hydroxamic  acid 
linkages,  -COWOH-,  between  alternate  succinic  acid  and  l-arnino-5-hydroxylaminopentane 
units.  The  acetic  acid  units,  when  present,  must  terminate  the  chain. 

Ferrioxamine  B. — Ferrioxamine  B,  of  all  the  ferrioxamines,  possesses  the  largest 
sideramine  effect  (ll),  and  can  be  obtained  in  largest  quantities  from  the  ferriox- 
amine mixture;  consequently,  it  was  the  first  to  be  investigated  thoroughly  chemical- 

iy(7). 

Microanalysis  led  to  the  empirical  formula  of  C25H4SN608FeCl  for  the  hydrochloride, 
the  starting  material  for  all  of  these  investigations. 

If  five  moles  of  water  are  removed  from  the  hydrolysis  products  (three  moles  of 
l-amino-5-hydroxylaminopentane,  two  moles  of  succinic  acid,  and  one  mole  of  acetic  acid) 
found  for  ferrioxamine  B,  the  empirical  formula  C25H48N60s  is  obtained.   If  three  atoms 
of  hydrogen  are  then  replaced  by  an  iron  ( III)  ion,  the  formula  for  ferrioxamine  B, 
C25H45N60sFe,  is  obtained,,  ■or   C25H46N608FeCl,'  for '.its.  hydrochloride. 

In  order  for  the  iron-free  basic  structure  of  ferrioxamine  B  to  be  in  one  long  chain, 
with  alternating  succinic  acid  and  l-amino-5-hydroxylaminopentane  components,  an  acetyl 
group  must  be  on  one  end  of  the  chain  and  either  an  amino  or  a  hydroxylamino  group  on 
the  other  end.   Potentiometric  titration  of  ferrioxamine  B  hydrochloride  resulted  in 
the  detection  of  only  one  titratable  group,  of  pK^  S'.lh.     As'  the  hydroxylammonium  ion 
has  a  considerably  lower  pKa,  ca.  5 • 3-5* 6,  the  presence  of  a  free  amino  group  is  in- 
dicated.  In  agreement  with  this,  ferrioxamine  B  migrates  as  a  cation  when  submitted 
to  electrophoresis  ih  0.  33  N  acetic  acid.  Hence  the  structure  of  ferrioxamine  B  thus 
far  can  be  represented  as  shown  below.   The  l-amino-5-hydroxylaminopentane  components 
are  placed  in  brackets  to  show  that  their  inner  arrangement  is  not  yet  determined. 

CH3CO-  [UH(  CH2)  5NOH  ]  -C0(  CH2)  2C0-  [NH(  CH2)  5W0H  ]  -C0(  CH2)  2C0N(  OH)  ( CH2)  5M2     V 

Further  evidence  for  the  above  formula  for  ferrioxamine  B  is  provided  by  the  product 
of  !  Schotten-Baumann  benzoylation.  After  removal  of  iron  from  the  ferrioxamine  through 
basic  hydrolysis,  the  addition  of  benzoyl  chloride  gave  a  neutral,  colorless  compound 
with  empirical  formula  C53H64N60i2.   Its  infrared  absorption  spectrum  showed  besides  the 
amide  -.bands >\  at  3i>-50,  3350,  1660,  and  1530  cm."1,  a  band  at  1767  cm."1  which  could 
be  explained  as  an  ester  carbonyl  group  of  the  type  -COW(R) 0C0CsH5.   From  these  re- 
sults, the  benzoylation  product  was  proposed  to  be  an  0,0' ,0",N-tetrabenzoyl  deriva- 
tive of  the  C25H48N6Cb  nucleus.   The  compound  reacts  with  methanolic  ammonia  to  give 
benzamide  and  a  neutral,  colorless  compound  of  formula  C32H52N609,  the  N-benzoyl  de- 
rivative of  the  basic  nucleus,  whose  infrared  absorption  spectrum  shows  bands  at  3310, 
1623,  and  I565  cm."1,  but  lacks  that  at  17^7  cm."1. 


V- 
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From  the  colorless  solution  obtained  by  the  removal  of  iron  from  ferrioxamine 
through  basic  hydrolysis,  ferrioxamine  B  hydrochloride  can  be  reformed  by  acidifi- 
cation with  hydrochloric  acid  followed  by  addition  of  ferric  chloride.   The  product 
obtained  is  not  only  identical  with  the  starting  material  in  its  physical  and  chemi- 
cal properties,  but  also  shows  full  biological  sideramine  activity  in  the  antagonism 
test  against  ferrimycin  A,  one  of  the  sideromycins. 

From  the  ready  chelation  of  the  iron-free  nucleus  of  ferrioxamine  B,  it  is  evident 
that  the  l-amino-5-hydroxylaminopentane  components  in  structure  V  must  be  so  ordered 
as  to  represent  the  most  stable  arrangement  of  coordinating  groups  around  the  ferric 
ion.   From  the  electronic  absorption  at  ca.  ^-30  cm.-1,  it  is  assumed  that  the  coordin- 
ating groups  are  hydroxamic  acid  groups,  -C0N0H-,  which,  with  iron,  form  three  inter- 
connected hydroxamic  acid  chelate  rings.   It  can  be  shown  by  models  (12)  that  the 
formation  of  an  octahedral  complex  is  not  possible  when  the  hydroxamic  acid  groups 
are  separated  by  a  chain  consisting  of  only  two  methylene  groups  (i<e* ,   an  arrangement 
such  as  this,  -N0HC0(CH2)2C0N0H-) .  A  structure  avoiding  the  above  arrangement  is  only 
possible  through  a  regular  "head-tail"  arrangement  of  the  l-amino-5-hydroxylaminopen- 
tane  components;  thus  structure  VI  is  the  only  one  possible  for  the  iron-free  nucleus 
of  ferrioxamine  B. 

0  OH       0      0  OH       0      0  OH 

I,    ,    II.    J  I.    ,    II,    Jl.    , 
CH3C-W-(  CH2)  5MHC(  CH2)  2C-N-(  CH2)  5MC(  CH2)  2C-N-(  CH2)  5NH2     VI 

From  the  limitations  imposed  by  the  structure  of  the  iron-free  basic  skeleton, 
there  are  ten  possible  structures,  5  dl  pairs,  for  ferrioxamine  B.   These  are 
represented  below. 


:(ch2) 


HN(  CH2)  5N 


(CH2)5MI£ 


^0=C-CH3 


o«c- 


(CH2)5M£ 


-ML 

( CH2) 5 


-N- 


(CH2)2C^    X 

^o-</-\--o — n 


c=o 


VII 


VIII 


o=c- 


■MH 


(CH2)5M2  (^y 


W 


(CH2)2C^  ^0^ 

^o-y-  X—o^-n 


ZJ5 


0 


(CH2)5M2 
(CH2)2C^   ^Pv\  C(CH2)2C>.    /°\ 


( CH2)  5MI2 


-CH- 


IX 


.0-W— (CH2)5 

o<A  //0= c- 

HN(  CH2)  sN^  /b 

(CH2)2 

o=c 


X 


0— C-CH3 


vFe+?  . 
(CH2)2Cf"    >0^ 


0=C- 


(C1I2)5 

-MI 


XI 


Of  these  five,  only  VII  has  the  three  charged  oxygen  atoms  in  adjacent  positions 
and  should  be  less  stable  on  electrostatic  grounds  than  the  other  four  possible  struc- 
tures, which  have  their  charges  more  evenly  distributed  over  the  complex  molecule.   Of 
the  latter  four  configurations,  Bickel,  Prelog,  et  al. ,  tend  to  favor  VIII  due  to  the 
trans  positions  of  the  end  groups  (CH3C0-  and  -NH2) ,  which  they  consider  to  be  important 
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from  a  steric  standpoint.  However,  it  would  appear,  on  the  basis  of  evidence  to  be 
presented  later  in  this  abstract,  that  one  or  a  mixture  of  the  four  structures  VIII-XI 
would  be  possible. 

Ferrioxamine  Pi ♦ --The  structural  elucidation  of  ferrioxamine  Di  has  been  carried 
out  by  Keller-Schierlein  and  Prelog  (8).   From  their  empirical  formulas  and  hydrolysis 
products  ferrioxamine  Di  should  be  acetyl  ferrioxamine  B.   This  has  been  confirmed  by 
treatment  of  ferrioxamine  B  hydrochloride  (XII)  in  methyl  alcohol  with  a  mole  of  sodium 
acetate  and  a  large  excess  of  acetic  anhydride.  The  principal  product  obtained  was 
crystalline  N-acetylferrioxamine  B  (XIIl)  ,  which,  from  its  paper  chromatographic  prop- 
erties, melting  point,  and  infrared  absorption  spectrum,  is  identical  with  ferriox- 
amine Di. 


8 

NHC-CH3 


0=C( CH2) 2C 


(CH3CO)20 

CH3C02Na 


HW(  CH2)  5-N C(  CH2)2C=0 


o=c(ch2)2c; 


HN(  CH2)  5N C(  CH2)  2C=0 


XII 


XIII 


The  octahedral  arrangement  of  ferrioxamine  Di  is  presumably  the  same  as  that  pro- 
posed for  ferrioxamine  B. 

Ferrioxamine  E. --Ferrioxamine  E  is  a  neutral,  crystalline  ferrioxamine;  its  struc- 
ture also  has  been  elucidated  by  Keller-Schierlein  and  Prelog  ( 9) • 

Spectral  data,  hydrolysis  products,  and  its  empirical  formula  indicate  that  ferri- 
oxamine E  is  a  trihydroxamate  complex  containing  alternating  succinic  acid  and  1-amino- 
5 -hydr oxylaminopentane  unit  s . 

When  the  iron-free  basic  skeleton  of  ferrioxamine  E  was  obtained  through  mild  alka- 
line hydrolysis,  It  was,  surprisingly,  found  to  be  identical  in  every  respect  with  the 
natural  product  nocardamine,  which  had  previously  been  isolated  from  a  Hocardia  strain 
by  St oil,  et  al. ,  (15,  1^) .  Nocardamine  previously  had  been  proposed  by  Brown,  Btichi, 
Prelog,  et  al. ,  to  have  structure  XIV,  with  an  'eleven-membered  ring,  from  evidence 
now  described  briefly  (15) • 

0=C(CH2)2C*O      xiy 

HO-N(CH2)5ij-H 

From  the  reaction  of  l-benzamido-5-chloropentane  (XV)  with  hydroxylamine ,  1-benz- 
amido-5-hydroxylaminopentane  (XVl)  was  obtained.  When  XVI  was  heated  for  36  hours 
with  refluxing  3  If  hydrochloric  acid,  l-amino-5-hydroxylaminopentane  dihydro chloride 
( IV)  was  obtained.   This  was  found  to  be  identical  with  a  hydrolysis  product  of  no- 


I 


0 


M(  CH2)  5C1 


NHpOH 


XV 


-B 


NH(  CH2)  5EHOH 
XVI 


HC1 


NH2(CH2)5M0H-2HC1 
IV 


cardamine  on  the  basis  of  a  mixed  melting  point  determination  and  their  infrared 
spectra.  The  other  hydrolysis  product  was  succinic  acid.  Elemental  analyses  gave 
the  empirical  formula  C9Hi6N203,  which,  with  nocardamine ' s  lack  of  basic  properties 
and  the  presence  of  a  secondary  amide  band  at  1550  cm.  -1  in  its  infrared  spectrum, 
led  to  the  postulation  of  a  cyclic  structure  of  alternate  succinic  acid  and  1-amino- 
5-hydroxylaminopentane  units.  A  monomeric  structure  (containing  one  of  each  unit) 
was  concluded  from  Rast  (found  in  camphor,  196) ,  ebullioscopic  (found  in  pyridine, 
198)^  and  Signer  (found  in  methanol,  202)  molecular  weight  determinations  (15)- 

However,  if  this  proposal  were  correct,  it  would  mean  that  ferrioxamine  E  is  an 
iron  (III)  complex  containing  three  separate  nocardamine  anions.   Yet,  ferrioxamine 
E  and  the  other  ferrioxamine s  have  a  different  polar ographic  half -wave  potential 
than  that  found  for  simple  trihydroxamate  complexes  in  which  the  three  hjrdroxamate 
groups  are  not  connected  together. 
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When  Keller-Schierlein  and  Prelog  reexamined  the  earlier  molecular  weight  deter- 
minations, they  found  that  the  Rast  method,  which  led  to  formula  XIV  for  nocardamine, 
was  not  valid,  as  the  camphor  solvent  reacts  with  nocardamine.  Moreover,  they  found 
that  the  Signer  method,  using  methanol  as  a  solvent,  gives  a  very  large  deviation  due 
to  the  slight  solubility  of  nocardamine.  However,  they  make  no  mention  of  Brown's 
ebullioscopic  molecular  weight  evidence.   Using  the  recently  developed,  very  sensitive, 
"osmometric"  method  for  molecular  weight  determinations  (l6,  17) >  they  obtained  the 
molecular  weight  5^5  -  55  (C27H48W6O9,  expected,  6oi)  for  nocardamine  in  methanol  and 
pyridine,  and  the  molecular  weight  71°  -  1^  ( C33H54Ns0i2,  expected,  727)  for  the  more 
soluble  acetylnocardamine  in  the  same  two  solvents  ( 9) •   These  new  values,  along  with 
the  polarographic  data,  indicate  that  nocardamine  has  the  trimeric  structure  XVII. 


0=C(  CH2)  2COM(  CH2)  5N(  OH)  C0(  CH2)  2O0 
HO-N( CH2) 5WHCO( CH2) 2COW( OH) ( CH2) 5N-H 


XVII 


As  nocardamine  is  identical  with  the  iron-free  nucleus  of  ferrioxamine  E,  the 
latter  is  derived  by  inserting  an  iron  ( III)  ion  into  the  center  of  structure  XVII  and 
removing  three  acidic  hydrogens,  giving  structure  XVIII.   This  structure  has  recently 
been  confirmed  through  partial  synthesis  from  ferrioxamine  G  (cf.  below)  (6). 


0=C( CH2) 2 


XVIII 


H-N(  CH2)  5N 


( CH2) 2C=0 


Due  to  the  symmetry  of  nocardamine,  there  are  only  two  possible  spatial  arrange- 
ments for  ferrioxamine  E,  XIX  and  XX.  Structure  XX  appears  to  be  more  probable  due 
to  its  more  favorable  charge  distribution. 


HN — C=0 

(CH2)5 

0=C(CH2)2C^  ^>^  {fz)z 
HN(  CH2)  51^  J^ff 


(CH2)2 
0=C 


(CH2) 


0=C(CH2)2C 


HN( CH2) 5K 


(CH2)5NH C=0 

I  I 

-N\        ( CH2)  2 


( CH2) 2C0 


■BH 


XIX 


XX 


Ferrioxamine  G. — Ferrioxamine  G  (6)  is  basic  and  behaves  like  ferrioxamine  B  in 
many  respects. 

Unlike  the  other  basic  ferrioxamines,  which  display  only  one  inflection,  ferriox- 
amine G  displays  two  inflections  in  its  potentiometric  titration  curve.   These,  pKa 
5.79  and  pKq,  10. 53,?  indicate,  respectively,  the  presence  of  a  carboxyl  or  a  hydroxamic 
group  and  an  ammonium  group.   Although  the  ultraviolet  and  the  visible  absorption  spec- 
tra of  the  hydrochlorides  of  ferrioxamines  B  and  G  are  indistinguishable,  in  the  infra- 
red a  carboxyl  band  at  1720  cm.  -1  is  detected  for  ferrioxamine  G  hydrochloride  which 
is  absent  in  the  infrared  absorption  spectrum  of  ferrioxamine  B  hydrochloride.   This 
band,  however,  is  absent  in  the  infrared  absorption  spectrum  of  free  ferrioxamine  G, 
indicating  that  it  exists  in  the  form  of  a  zwitterion. 

The  empirical  formula  for  the  iron-free  nucleus  of  ferrioxamine  G,  C27H5oN60io,. 
can  be  derived  from  three  moles  of  l-amino-5-hydroxylaminopentane  and  three  moles  of 
succinic  acid  with  loss  of  five  moles  of  water. 
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From  the  data  thus  far  compiled,,  structure  XXI  was  proposed  for  ferrioxamine  G. 
This  structure  was  confirmed  by  the  conversion  of  ferrioxamine  G  to  ferrioxamine  E 
by  treatment  of  ferrioxamine  G  with  a  large  excess  of  dicyclohexylcarbodiimide  in 
aqueous  dimethylf ormamide .  Ferrioxamine  E  was  isolated  in  relatively  poor  yield,  but 
definitely  identified  through  its  distribution  coefficient, -  infrared  absorption  spec- 
trum, and  paper  chromatographic  behavior. 

m3+        COO"  HN c-o 

II  I 

(CH2)5   (CH2)2  (CH2)5  (CH2)2 


0=C(CH2)2C^   U^U   ^2n(CH2)5NH   _^____2<0=C(CH2)2C-  Jl(  CH2) 

\      ^0  Fe+3  0^      /  *   \      ^0  Fe+3  0>^ 


m 


°\        %    ,  /  V    ,  t       n, 

HN(  CH2)  5N C(  CH2)  2C=0  HN(  CH2)  5N C(  CH2)  2C-0 

XXI  XVIII 

The  octahedral  arrangement  of  ferrioxamine  G,  like  that  of  ferrioxamine  Dx,  should 
be  like  that  of  ferrioxamine  B  due  to  the  obvious  structural  similarities  between  the 
three.  According  to  this  reasoning,  structure  VIII  for  ferrioxamine  B  with  the  end 
groups  trans  does  not  seem  likely  as  this  would  mean  that  end  groups  in  ferrioxamine 
G  should  also  be  trans,  making  the  conversion  of  ferrioxamine  G  to  ferrioxamine  E  im- 
possible without  inner  rearrangement  during  the  reaction.   Consequently,  the  proposal 
for  one  or  a  mixture  of  structures  VIII-XI  for  the  three-dimensional  structure  of 
ferrioxamine  B  follows.  However,  the  fact  that  ferrioxamine  G  is  a  zwitterion  may  make 
its  octahedral  arrangement  differ  from  that  of  ferrioxamines  B  and  Dj.. 

SYNTHESES 

Ferrioxamine  B. — The  synthesis  of  ferrioxamine  B  has  recently  been  effected  by  Prelog 
and  Walser  ( 18) .  As  starting  material,  l-amino-5-nitropentane  hydrochloride  ( III) , (cf . 
above)  was  used.  From  III  the  carbobenzoxy  derivative  (XXIl)  was  prepared  in  86$  yield. 
The  nitro  group  of  the  resulting  compound  was  then  reduced  to  a  hydroxylamino  group 
(XXIIl)  in  "Jk$>   yield,  through  the  use  of  zinc  powder  and  ammonium  chloride  solution. 

M2(CH2)5N02'HC1  C6H5CH20C0C1>  CsH5CH20C0M(  CH2)  5N02  gn  ^  CsH  CH  ocoMtlC  CH2)  5IfflOH 

IJJI4O-L 

III  XXII  XXIII 

Compound  XXIII  was  then  treated  with  succinic  anhydride  in  pyridine  to  yield  the  N- 
succinyl  derivative  (XXIV)  in  91$  yield.   Through  the  use  of  acetic  anhydride  or  dicy- 
clohexylcarbodiimide, the  3.?6-dioxo-tetrahydro-l,2-oxazine  derivative  (XXV)  (19*  20) 
was  obtained  from  the  N-succinyl  derivative  in  yields  of  81$  or  8l$,  respectively. 

CH2C0 
I   xn 

pr  co  ( ph  co)   o  ^L/vj-Ln2 

XXIII   ^ng^  >.  C6H5CH20C0M(  CH2)  5N(  OH)  C0(  CH2)  2C02H  i-^3-^^.  C6H5CH20C0NH(CH2)bWv    CH2 


When  this  oxazine  derivative  was  treated  with  l-amino-5-nitropentane,  the  corresponding 
amide-linked  nitro  compound  (XXVl)  was  formed  in  82$  yield.  This  nitro  compound  was 
then  reduced  to  the  corresponding  hydroxylamino  compound  (XXVTl) ,  again  with  zinc  and 
ammonium  chloride  solution.   Compound  XXVII  was  isolated  as  its  W-acetylhydroxylamino 

XXV  M2(  gggj  sN02>  CsH5CH20C0M(  CH2)  sN(  0H)  C0(  m2)  2c0M(  ch2)  sNo2 


MI4CI 
XXVI 

CsH5CH20C0NH(  CH2)  5N(  Oil)  C0(  CH2)  2C0NH(  CH2)  5NHOII 

XXVII 
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derivative  (XXVIIl)  in  64$  yield  (overall  from  XXVI) .   This  derivative  was  prepared 
through  acetylation  with  acetic  anhydride  and  pyridine  and  subsequent  mild  saponifi- 
cation of  the  -NO-acetyl  group  with  dilute  base.   Compound  XXVIIl  was  converted  to 

XXVII  l\    [Sfo00^  ?°>-  C6H5CH2OCO:NH(  CH2)  5N(  OH)  C0(  CH2)  2COEH(  CH2)  5N(  OH)  COCH3 

d.)     1U1UU3 

XXVIIl 
XXIX  by  hydrogenolysis  of  the  carbobenzoxy  group  over  palladium- charcoal  catalyst. 

XXVIII  pfrHc*    «H2(CH2)5W(0H)C0(CH2)2C0M(CH2)5N(0H)C0CH3 

XXIX 

The  amino  compound  XXIX  was  then  treated  with  the  oxazine  derivative  (XXV)  to  give 
XXX;  which  upon  hydrogenolysis  yielded  the  iron-free  basic  structure  of  ferrioxamine 
B  (VI)  in  6kf   overall  yield  from  XXVIIl. 

XXIX  ^V  C6H5CH2OCOM(  CH2)  5W(  OH)  C0(  CH2)  2COMH(  CH2)  5N(  OH)  C0(  CH2)  2CONH(  CH2)  SN(  Oil)  COCH3 

XXX 


H2  I  Pd-C 


M2(  CH2)  SN(  OH)  C0(  CH2)  2COM(  CH2)  5W(  OH)  C0(CH2)  2CONH(  CH2)  5W(  OH)  COCH2 

VI 

Ferrioxamine  B  (VIII-Xl)  was  finally  prepared  in  95$  yield  by  the  addition  of  ferric 
chloride. 

M2 

( CH2) 5  CH3 

VI  3 >-  0<=C(CH2)2C^     ,     .W(CH2)5NH 

^0  Fe+3  0^ 

0"     0 

HN(  CH2)  5K C(  CH2)  2C*0       VIII-XI 

Ferrioxamine  G. — Prelog  and  ¥alser  have  also  succeeded  in  synthesizing  ferrioxamine 
G  through  the  use  of  the  3,6-dioxo-tetrahydro-l,2-oxazine  derivative  (XXV)  described 
above  (21) . 

This  oxazine  derivative  was  converted  in  82$  yield  to  a  methyl  ester  (XXXl)  by 
methyl  alcohol  in  the  presence  of  triethylamine. 

C6H5CH20C0M(CH2)5N^       ^CH2   ?^Hs  ^T  >-   C6H5CH20C0NH(  CH2)  5N(  OH)  C0(  CH2^C00CH3 

xxv  XXXI 

The  methyl  ether  was  subjected  to  hydrogenolysis  to  remove  the  carbobenzoxy  grcup, 
then  treated  with  the  oxazine  derivative  to  form  an  amide-linked  carbobenzoxy  deriva- 
tive (XXXIIl)  in  62$  overall  yield  from  XXXI.   This  derivative,  after  hydrogenolysis 

XXXI   p|f^»  NH2(CH2)5N(0H)C0(CH2)2C00CH3  -^-> 

XXXII 

CSH5CH20C0M(  CH2)  5N(  OH)  C0(  CH2)  2C0Mi(  CH2)  5N(  OH)  C0(  CH2)  2C00CII3 

XXXIIl 

to  remove  the  carbobenzoxy  group,  was  treated  with  the  oxazine  derivative,  followed 
again  by  hydrogenolysis,  to  yield  the  methyl  ester  of  the  nucleus  of  ferrioxamine  G 
(XXXV)  in  36$  yield  overall  from  XXXIIl. 


XXXIII 


Hs 


Pd-C 
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MH2(  CH2)  5N(  OH)  CO(  CH2)  2COM(  CH2)  5N(  OH)  CO,(CH2)  2COOCH3 

XXXIV 

1)  XXV 

.2)  H2,  Pd-C 

M2(  CH2)  5N(  OH)  CO(  CH2)  2COMl(  CH2)  5N(  OH)  CO(  CH2)  2COWH(  CH2)  5W(  OH)  CO(  CH2)2COOCH3 

XXXV 

Compound  XXXV  was  finally  saponified  and  treated  with  ferric  chloride  and  hydrochloric 
acid  to  yield  ferrioxamine  G  hydrochloride  (XXXVl)  in  7C#  yield. 

NH2-HC1  COOH 

I       I 
(CH2)5  (CH2)2 


XXXV 


1)  KOH 


2)  FeCl3,  HC1 


0=C( CH2) 2C 


'N* 


^ 


HN(  CH2)  5W 


0  Fe 


0  0' 

+3 


(CH2)5M 


•C(CH2)2C=0 


XXXVI 


As  ferrioxamines  B  and  G  have  been  shown  to  be  readily  convertible  to  ferrioxamines 
Di  and  E,  respectively,  (cf .  above)  this  completes  the  total  syntheses  of  these  four 
ferrioxamines,  which  have  been  found  to  be  identical  with  the  corresponding  natural 
ferrioxamines  on  the  basis  of  their  paper  chromatographic  properties  and  their  infra- 
red absorption  spectra. 

OTHER  SIDER0CHR0MES 

Due  largely  to  the  important  role  which  iron  plays  in  biological  processes  and  also 
due  to  the  unusualness,  heretofore,  of  the  discovery  of  non-porphyrin  ring  structures 
in  natural  products,  there  is  an  ever  increasing  amount  of  work  being  done  in  the  gen- 
eral area  of  the  siderochromes .   In  table  II,  below,  are  listed  the  principal  known 
siderochromes  (with  the  exception  of  the  ferrioxamines) ,  some  of  their  properties,  and 
lead  references. 

TABLE  II 
Siderochromes 


1 

Molecular 

Absorption 

Identified 

Group     :  Siderochrome 

Weight 

X 
max 

F  l1° 

^   lcm 

Hydrolysis  Products 

References 

sideromycin 

ferrimycin  A 

1106 

228 

282 

NH3,  succinic  acid,  1-amino- 

(1), 

(3), 

319 

28.2 

5 -hydroxy laminopentane ,  5 - 

(*), 

(22), 

425 

22.6 

aminopentanoic  acid,  proline, 
1 , 5-diaminopentane 

(23) 

sideromycin 

grisein  A 

1034 

265 
420 

108 

28.9 

methyluracil,  glutamic  acid 

(24), 
(26) 

(25), 

sideromycin 

albomycin 

1270-1346 

methyluracil,  serine, 
ornithine 

(27), 
(29), 
(3D 

(28), 
(30), 

sideromycin 

A  1787 

— 

— 

— 

glutamic  acid,  serine, 
alanine 

(32) 

sideramine 

ferrichrome 

725 

425 

39-4 

NH3,  glycine,  ornithine 

(33), 
(35) 

(34), 

sideramine 

ferrichrome 

A 

1100 

440 

33-8 

serine,  glycine,  ornithine 

(33), 
(35), 

(34), 
(36) 

sideramine 

coprogen 

«■ 

44o 

36.6 

—    —    -    —    — 

(37), 
(39) 

(38), 

Aside  from  the  similar  electronic  absorption  values,  which  characterize  the  sidero- 
chromes ( cf .  above) ,  the  siderochromes  show  many  other  general  physical,  chemical,  and 
biological  similarities.  Among  these  are  their  reddish  color,  their  solubility  in 
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polar  solvents ,  and  the  similarity  of  their  elemental  analyses  values. 

The  sidero chromes,  in  general,  have  "been  shown  to  be  unusually  "biologically  active. 
This  is  particularly  true  for  the  sideromycins.  Ferrimycin  A  has  been  shown,  in  ex- 
periments in  vivo,  to  be  10-50  times  as  active  as  penicillin,  making  it  one  of  the  most 
active  antibiotics  known  (l).  Unfortunately,  its  usefulness  is  limited  by  its  narrow 
antibacterial  spectrum.   On  the  other  hand,  albomycin  and  grisein,  although  somewhat 
less  active,  have  a  relatively  wide  antibacterial  spectrum  (l). 
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